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Depletion of fossil feedstock has stimulated tremendous efforts towards using 
sustainable resources for the production of fuels and chemicals. Lignocellulose 
is abundant, renewable, and attractive sustainable feedstock. However, the 
efficient conversion of lignocellulose into sugars remains as a significant 
challenge. Hydrolysis of lignocellulose by enzyme allows milder operating 
condition and less formation of inhibitory by-products. However, enzyme cost 
is still high and thus remains as a main barrier for industrial application. 
Hydrolysis of lignocellulose with liquid acid suffers from harsh reaction 
conditions, corrosion, and environmental pollution. This thesis aims to tackle 
this challenge by developing novel temperature-responsive immobilized 
enzyme and solid acid catalyst for high yielding-hydrolysis of lignocellulose 
with easy catalyst recycling to achieve green and efficient process for the 
conversion of lignocellulose into sugars.  
Firstly, a novel temperature-responsive biocatalyst with an upper critical 
solution temperature (UCST) was developed for efficient catalysis as soluble 
catalyst at temperature of >UCST and easy catalyst separation as precipitate at 
a temperature of <UCST. Polymeric nanoparticles with an UCST were 
fabricated for the first time. Immobilization of cellulase onto the particles 
(IPN-Cellu) afforded the first temperature-responsive biocatalyst showing an 
UCST of 13°C, high specific enzyme loading (37.9 mg/g carrier), high 
enzyme loading efficiency (100%), and 90% of initial free enzyme activity. 
The procedure for particle synthesis and enzyme immobilization is simple and 
scalable, and it was also successfully used for the fabrication of 
xiii 
 
nanobiocatalyst attaching cellobiase (IPN-Cello). Hydrolysis of filter paper 
with IPN-Cellu and IPN-Cello showed good operational stability at 50°C, 
reached the same catalytic performance as the free enzyme, and gave 97% 
glucose yield. The catalysts are also capable of hydrolysing pre-treated Empty 
Fruit Bunch (EFB) to give 93% glucose yield at 50°C. The catalysts were 
easily recovered at 4°C and demonstrated good recyclability with the retaining 




 reaction cycle for the 
hydrolysis of filter paper and pre-treated EFB, respectively.  
Secondly, a novel concept of one-pot sequential pretreatment of lignocellulose 
and enzymatic hydrolysis in ionic liquid was developed for efficient 
hydrolysis of lignocellulose to glucose. Pretreatment of EFB in 1-ethyl-3-
methylimidazolium acetate at 130°C for 4 h, followed by further hydrolysis by 
using IPN-Cellu and IPN-Cello at 50°C gave 94% yield at 72 h. The 
nanobiocatalysts mixture performed better than the free mixtures of cellulase 
and cellobiase which only achieved 70% yield at 72 h. Both ionic liquid and 
nanobiocatalysts were recyclable. Separation of nanobiocatalysts at 4°C and  




Thirdly, a novel temperature-responsive solid acid catalyst was developed for 
the hydrolysis of EFB to xylose and arabinose. The first UCST-type polymer 
containing sulfonic acid (-SO3H) on surface was synthesized as nanoparticles 
with size of 110 nm. The nano-sized solid acid catalyst, SO3H-IPN PGA had 




 and showed temperature-responsibility. 
Hydrolysis of EFB at high concentration (50 mg/mL) with catalyst loading of 
10% at 150°C gave 81% xylose yield at 10 h and 90% arabinose yield at 4 h. 
xiv 
 
The catalyst was also easily separated from reaction mixture at 4°C by 
centrifugation. The recovered catalyst was reused for the same hydrolysis and 
retained 91% of its productivity at the 3
rd
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CHAPTER 1: INTRODUCTION  
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This chapter begins with an introduction of the research background, followed 
by the objectives of this thesis and the organization of thesis chapters.  
1.1 Prospects and challenges for the hydrolysis of lignocellulose 
Lignocellulose Feedstock (LCF) biorefinery is one of the most promising 
biorefineries because it produces value-added chemicals and fuels from 
abundant and low-cost lignocellulosic biomass.
1,2
 The valorization of 
lignocellulose takes places through various bio- and chemical transformations, 
such as hydrogenation, oxidation, and hydrolysis reaction.
3-7
 Hydrolysis of 
lignocellulose generates sugars, such as glucose, xylose, arabinose, which can 
be transformed further into value-added chemicals and fuels. This hydrolysis 
is carried out by different type of catalysts, either in the form of biocatalysts 
(i.e., enzyme) or chemical catalysts (i.e., acid).
3-5
 
However, the application of free catalysts (enzyme or acid) for the hydrolysis 
of lignocellulose causes costly and inefficient catalyst separation from reaction 
which results in a large number of waste products and energy.
8-11
 As a result, 
most of industrial investments are spent on the cost of separation.
12
 These 
limitations may be solved by immobilization technology. Immobilized 
catalysts facilitate easier separation and faster reaction termination than free 
catalysts, so it decrease cost of production and possibility of product 
contamination.
9,12-17 
Therefore, immobilized catalysts are more sustainable 
than free catalysts. Based on these considerations, immobilized catalysts are 
attractive tools for the hydrolysis of lignocellulose.  
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1.2 Nano bio- and chemical catalysts for the hydrolysis of lignocellulose 
Nowadays, the nanocatalysts are increasingly capturing attention in the 
catalysis area. Both enzymes and acids have been immobilized on nanocarriers 
as catalysts for the hydrolysis of lignocellulose.
18,19
 Due to higher surface area 
to volume ratio and better dispersability of nano-sized carriers, nano-carriers 
are able to achieve higher catalyst loading and better mass transfer efficiency 
as well as catalytic performance than catalysts immobilized on micro-sized 
carriers.
18,19
 Although nanocatalysts have outstanding performance for the 
hydrolysis of lignocellulose, their separation from reaction mixture becomes 
main obstacle in industrial application. Nanocatalysts cannot be easily 
separated by filtration or centrifugation method due to their small size. To 
overcome these problems, magnetic nanoparticles emerge as the promising 
alternative carrier. Magnetic nanoparticles (MNPs) are separated easily under 
magnetic fields.
20-22
 Even though separation of nanoparticles under magnetic 
field is relatively easier than centrifugation and filtration, this process is still 
very challenging, especially for small-sized MNPs. Overall, the separation 
process raises huge dilemma in the catalysis area. The small size of catalyst 
will improve the catalyst performance, but it generates difficulty in the 
separation. Meanwhile, large-sized catalysts are easily separated, but they 
have poor catalytic performance. Based on these consideration, novel carriers 
for efficient catalysis and easy separation in the hydrolysis of lignocellulose 
should be developed. 
 4  
 
1.3 Bio- and chemical catalysts with temperature-responsibility for the 
hydrolysis of lignocellulose 
Temperature-responsive polymers are a good choice as carrier for catalyst 
because they have solubility changes around their cloud point or transition 
temperature. Increasing of temperature decreases solubility of Lower Critical 
Solution Temperature (LCST)-type polymers, whereas decreasing of 
temperature reduces solubility of Upper Critical Solution Temperature 
(UCST)-type polymers.
23,24 
This alteration of polymer solubility is a useful 
tool for catalysis: efficient catalysis in the soluble state and easy separation in 
the insoluble state. However, so far, only LCST-type polymers were 
developed as bio- and chemical catalysis.
25-31
 Immobilization of enzyme on 
LCST-nanoparticles as biocatalysts has not been reported before. LCST-type 
polymers are less appropriate for enzyme immobilization because separation 
of catalyst needs increase in temperature which may denature enzyme.
25-29
 
Addition of flocculant, such as saturated salt, to assist separation of LCST-
type polymers from reaction mixture may induce enzyme denaturation. The 
similar problem is also reported by LCST-solid acid catalysts.
30,31
 At 
temperature >LCST, LCST-solid acid catalysts are insoluble and cannot 
achieve good catalytic activity.
31
 UCST-type polymers may appear as a 
alternative for bio- and chemical catalyst. At temperature of >UCST, bio- and 
chemical catalysts with temperature responsibility will be soluble and provide 
good interaction between active site of catalyst and solid lignocellulose. 
Although they have nano-sized structure, these catalysts may precipitate and 
easily separated from reaction mixture at temperature of <UCST. Therefore, 
development of nano-sized bio- and chemical catalysts based on temperature-
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responsive polymers, especially UCST-type polymers, are significantly 
important for the hydrolysis of lignocellulose. 
1.4 Objectives of the thesis 
The overall objective of this thesis is to develop novel carrier based on UCST-
type polymer for immobilization of enzymes and UCST-solid acid catalysts to 
achieve high activity and recyclability for the hydrolysis of cellulose and/or 
hemicellulose from lignocellulose. More specifically, this thesis consists of the 
following objectives: 
1. Develop a novel concept of using UCST-type polymer as carrier for 
enzyme immobilization to achieve high performance catalysis and 
recyclability for the hydrolysis of cellulose. Immobilization of enzymes on 
the surface of novel functionalized polymeric nanoparticles as UCST-
nanobiocatalysts with UCST of 13-14°C are developed. This concept of 
using nanobiocatalyst as soluble catalyst at a temperature of >UCST for 
efficient catalysis and as precipitates at a temperature of <UCST for easy 
separation. It is demonstrated by using immobilized cellulase and 
cellobiase for the hydrolysis of filter paper and pre-treated oil palm Empty 
Fruit Bunch (EFB), respectively, to produce glucose. The separation and 
recycling of the mixture of nanobiocatalysts are examined.  
2. Develop a novel one-pot sequential pretreatment of lignocellulose with 
ionic liquid and hydrolysis with recyclable temperature-responsive 
immobilized cellulase for efficient production of glucose from 
lignocellulose. After suitable ionic liquid is selected for pretreatment of 
EFB at high temperature, immobilized cellulose and cellobiase achieve 
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high yield of glucose. The separation and recycling of nanobiocatalysts 
and ionic liquid from reaction mixture are also demonstrated. 
3. Develop a novel concept of solid acid catalyst showing an UCST for the 
hydrolysis of lignocellulose. The solid acid catalyst is prepared in high 




, UCST of 15°C, and diameter 
of 110 nm for the efficient production of arabinose and xylose from 
hemicellulose in EFB. The solid acid catalyst is soluble at temperature 
higher than UCST for the hydrolysis of hemicellulose and precipitates at a 
temperature lower than UCST for easy separation. The separation and 
recycling of solid acid catalyst from reaction mixture of lignocellulose 
hydrolysis are explored. 
1.5 Organization of thesis chapters 
This thesis consists of six chapters. Chapter One provides a brief introduction 
about prospect and main challenges of lignocellulose hydrolysis, thesis 
objectives, and organization of the thesis. Chapter Two presents an in-depth 
literature review on the state-of-the-art related to lignocellulose hydrolysis and 
catalysts involved in this process. Chapter Three reports the novel concept for 
high performance and easy catalyst recycling based on UCST-type polymer 
for the hydrolysis of cellulose. The study on one-pot sequential pretreatment 
and enzymatic hydrolysis is presented in Chapter Four. Chapter Five deals 
with application of novel solid acid catalyst based on UCST-type polymer for 
the hydrolysis of lignocellulose. Finally, Chapter Six summarizes the findings 
from Chapter Three to Chapter Five, and gives recommendations for future 
works.  










CHAPTER 2: LITERATURE REVIEW 
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2.1 Biorefinery 
2.1.1 The principle of biorefinery 
Biorefinery is a facility that integrates conversion process and equipment to 
produce value-added chemicals and fuels from biomass by using series of unit 
operations.
32,33
 In this concept, manufacturing of high-valued chemicals 
increases the profitability of biorefinery, whereas production of high-volume 
fuels meets requirement of energy demand. These high-valued chemicals are 
generated through two strategies. The first strategy is cascade reactions which 
decrease the number of reaction steps via a one-pot reaction associating few 
catalytic steps. Without recovery of intermediate products, cascade reactions 
decrease the operating time and reduce the amount of waste produced. 
Furthermore, the combination between homogenous and heterogenous 
catalysts in cascade reactions offers efficient conversion of bio-based 
feedstock. This strategy is normally similar to classical synthesis routes, 
except that the required number of steps is reduced. The second strategy is the 
conversion of biomass in few steps to a mixture of products with similar 
functionalities that can be used in the formulation of end-products. This 
method is different from usual chemical synthesis where the isolated products 
synthesized are used in the synthesis of end-products. These two strategies 
may enhance economical value that can be gathered from a limited amount of 
biomass harvested through increasing the efficiency of their use.  
In principal, biorefinery is analogous with petroleum refinery (Figure 1) which 
generates value-added chemicals and energy from fossil resources (e.g., crude 
oil, natural gas). Where as petroleum is obtained by extraction of fossilized 
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biomass predominantly under the earth’s surface, biomass is directly available 
from nature which can be transformed further to the target products by using 
biological and chemical reactions. In comparison to platform molecules 
derived from petroleum refinery (e.g., ethylene, benzene), platform molecules 
derived from biorefinery have lower fraction of hydrogen and carbon, but 
higher fraction of oxygen. Therefore, it may lead to a paradigm shift in 
chemical industries from harsh, costly and less sustainable oxidation 
procedures which are used in petroleum refinery to more sustainable reduction 
process in biorefinery; for example, using hydrogen gas over a heterogenous 
catalyst. Another advantage of biorefinery is that the feedstock has a large part 
of the desired chemical functionality. Hence, adding chemical functionality 
which is mainly used in petroleum refinery may be avoided in biorefinery. 
These biobased feedstocks in biorefinery have remarkable stereo- and 
regiochemistry, so it reduces dependence on expensive chiral catalysts and 
complex syntheses that are required to selectively establish chemical 
functionality in petrochemicals. Based on this process, biorefinery is more 




Figure 1. The concept of petroleum refinery and biorefinery 
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1. The first biorefinery generation 
It is an integrated facility which is limited to single feedstock, single 
process, and single major product. For example, dry mill ethanol plants 
produce a fixed amount of product and use fixed amount of feedstock; 
however, their processing units do not have flexibility. 
2. The second biorefinery generation 
It has the capability of producing multiple products through multiple 
processes from single feedstock. For example, wet milling ethanol plants 
use single feedstock (e.g., grain) to produce different products (e.g., starch, 
high fructose corn syrup, ethanol, etc) through different process.  
3. The third biorefinery generation 
As the most developed biorefinery, the third
 
biorefinery generation uses 
different feedstocks to produce value-added chemicals and fuels through 
combination of processes. The flexibility of each unit depends on demand 
and supply from feedstocks and products. The examples of the third
 
biorefinery generation are whole-crop biorefinery, green biorefinery, and 
lignocellulosic feedstock (LCF) biorefinery.  
2.1.2 Type of biorefinery 
The third
 
biorefinery generation, namely, whole-crop biorefinery, green 
biorefinery, and LCF biorefinery are described below. The more detail 
information about LCF biorefinery will be described in Section 2.2. 
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2.1.2.1 Whole-crop biorefinery 
Whole crop biorefinery is a multi-product system which consumes the entire 
crop to obtain useful products. Raw materials for whole-crop biorefinery are 
cereals, such as wheat, rye, triticale, and maize. In the first step, mechanical 
separation separates biomass into components (e.g., corn, straw) that will be 
treated separately. Straw is starting material for syngas. Further transformation 
of corn produces starch. Meanwhile, the other reactions modify starch to 
value-added chemicals by means of  plasticization, chemical modification and 
biotechnological conversion.  
2.1.2.2 Green biorefinery 
Green biorefinery is a multi-product system which handles the refinery cuts, 
fractions, and products from green plants. It uses natural wet feedstocks from 
untreated products which are produced in plants, such as grass from 
cultivation of grassland, nature preserves, and green crops (e.g., clover, 
immature cereals from land cultivation).  
In the first step (primary refinery), wet-fractionation isolates green biomass 
substances in their natural form to produce a fiber-rich press cake and a 
nutrient-rich green juice. The press cake contains cellulose, starch, dyes, 
pigments, crude drugs, and other organics, while green juice contains proteins, 
free amino acids, organic acids, dyes, enzymes, hormones, minerals, and other 
organic substances. Then, valuable products, such as lactic acid and its 
derivatives, amino acids, ethanol, proteins will be derived from green juice. 
Raw material for chemicals (e.g., levunivic acid) uses press cake for the 
production of green feed pellets and further conversion to syngas and synthetic 
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fuels. Then, the residues from these processes are suitable for production of 
gas and generation of heat as well as electricity.  
2.2 Lignocellulose Feedstock (LCF) biorefinery 
LCF biorefinery is the most promising biorefinery because LCF biorefinery 
produces value-added chemicals from wide range of abundant and low-cost 
feedstocks (wood, straw, oil palm empty fruit bunch, etc). The general process 
of LCF biorefinery is described as follows: lignocellulose is initially separated 
into different fractions (lignin, hemicellulose, and cellulose). Pretreatment of 
lignocellulose reduces crystallinity of lignocellulose. Then, enzymes 
(ligninases, lignin peroxidases, laccases, and xylanolytic enzymes) break 
down each lignocellulose component from lignocellulose. Further chemical 
and biological reactions transform lignin, cellulose, and hemicellulose to 
produce valuable chemicals, as shown in Figure 2. 
 
Figure 2. Overview of potential product from LCF biorefinery  
 13  
 
2.2.1 Lignocellulose component 
Lignocellulosic biomass consists of lignin, hemicellulose, and cellulose. The 
composition of each lignocellulose component depends on their sources, but it 





Lignin is a three-dimensional amorphous polymers consisting of methoxylated 
phenylprophane. In plant cell walls, lignin works as resin which holds 
lignocellulose matrix together. The cross-linking of lignin with cellulose 
provides structural rigidity in plant. The exact structure of native lignin or 
untreated lignin found in plant is still unrevealed now; however, biosynthesis 
of lignin is the result of polymerization of three primary monomers derived 
from p-cinammic acid, namely, p-coumaryl alcohol, p-coniferyl alcohol, and 




Figure 3. The building blocks of lignin 
The abundance of p-coumaryl, coniferyl, and sinapyl alcohol varies in 
softwood and hardwood lignin. 90% of softwood lignin consists of coniferyl 
alcohol, but hardwood lignin comprises equal amount of coniferyl alcohol and 
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sinapyl alcohol. Isolation of lignin from lignocellulose is carried out through 
different methods, such as Kraft lignin process which employs aqueous 
sodium hydroxide in high pH and temperature between 423 K and 453 K, 
lignosulfonate process that uses sulfite between pH 2 and 12 with magnesium 
or calcium as counterion, and organosolv process which dissolves lignin in 
ethanol or ethanol/water mixtures. Although isolation of lignin is possible, 
lignin still has limited application now. In the future, lignin possesses 
tremendous potential applications through reducing lignin to produce bulk 
chemicals with reduced functionality (e.g., phenol, benzene, etc) and oxidizing 
lignin to generate fine chemicals with increased functionality (e.g., guaiacol, 
vanillin, vanillic acid, etc). 
2.2.1.2 Cellulose 
As the most abundant constituent of the plant cell wall, cellulose is a 
homopolysaccharide composed of D-glucose linked together by β-1,4-
glucosidic bonds at the C1 and C4 positions with degree of polymerization 
(DP) of up to 10,000 or higher. The number of repeating units of glucose or 
DP determines the size of cellulose chains. The smallest repetitive unit of 
cellulose is cellobiose (dimer of glucose; Figure 4). At the C1 position, one 
chain end has a reducing hemiacetal group and the other end owns an 
alcoholic hydroxyl (-OH) group on the C4 position,.    
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Figure 4. Structure of cellulose 
Native cellulose is a linear and semicrystalline polymers which consist of 
structured crystalline regions or microfibrils and amorphous parts. Intrachain 
hydrogen bonds between hydroxyl group at the C3 with the adjacent oxygen 
and hydroxyl group at the C2 with the hydroxymethyl group oxygen at the C6 
establish stable β-(1→4)-link in the cellulose and form a microfibril 
constructing cellulose chains (Figure 5). 
 
Figure 5. Intramolecular and intermolecular hydrogen bonding in cellulose 
Due to these strong intra- and intermolecular hydrogen bonds, cellulose is 
insoluble in most solvents, resistant against microbial degradation, and has 
high tensile strength. This strong hydrogen bonding also impedes hydrolysis 
of cellulose by providing rigid crystallinity.  
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2.2.1.3 Hemicellulose 
As the second most abundant biomass, hemicellulose constitutes 25%-35% of 
lignocellulose. Unlike cellulose, hemicellulose is a heterogeneous polymers 
consisting of pentoses as major components (D-xylose, D-arabinose), hexoses 
(D-glucose, D-galactose, D-mannose), uronic acids (α-D-glucuronic, α-D-4-O-
methylgalacturonic, α-D-galacturonic acids), and small amount of Deoxy 
sugars (α-L-rhamnose, α-L-fucose). Acetyl groups replace some of the 
hydroxyl groups in hemicellulose. The classification of hemicellulose is 
mainly based on a major component of sugar on the polymer backbone, such 
as xylan and mannan. Xylan is a major component of hemicellulose in 
hardwood, whereas mannan-type hemicellulose (e.g., glucomannans, 
galactomannans) is a prominent component of hemicellulose in softwood.  
Xylan is a heteropolysaccharides composed of 1,4-linked-β-D-xylopyranose 
units or xylose (Figure 6) and also consists of arabinose, glucoronic acid or    
4-O-methyl ether, acetic acid, ferulic acid, and p-coumaric acid in small 
amount. Xylan backbone may be composed of O-acetyl, α-L-arabinofuranosyl, 
α-1,2-linked glucoronic or 4-O-methyglucoronic acid constituents. Therefore, 
xylan is classified into linear homoxylan, arabinoxylan, glucurunoxylan, and 
glucuronoarabinoxylan. 
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Figure 6. Structure of xylan 
Hydrolysis of hemicellulose generates xylose and arabinose as major products. 
Furfural, a dehydration product of xylose, is precursor for value-added 
chemicals (as illustrated in Figure 7). 
 
Figure 7. Application of xylose 
Arabinose, an another product from the hydrolysis of hemicellulose, has 
potential application as therapy for diabetic disease because it decreases sugars 
absorption in the stomach. The product hydrogenation of arabinose, arabitol,  
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The hydrolysis of hemicellulose occurs via enzymatic hydrolysis or acid 
hydrolysis (described in Section 2.5). As listed in Table 1, different 
hemicellulose-degrading enzymes are needed to achieve complete hydrolysis 
of hemicellulose due to the complex structure of hemicellulose. However, 
hemicellulose is more accessible to enzymatic hydrolysis than cellulose 
because monomers in hemicellulose do not tightly packed in crystalline 
structures like cellulose.  




Endo-1,4-β-xylanase                     
(E.C. 3.2.1.8) 
Hydrolyzes β-1,4 bond in the xylan backbone    
(product: xylooligomers) 
β-xylosidase                         
(E.C. 3.2.1.37) 




Hydrolyzes β-1,4-xylopyranose  
(product: xylobiose) 
α-L-arabinofuranosidase                   
(EC 3.2.1.55) 
Hydrolyzes arabinoxylan  
(product: arabinose) 
α-glucoronidase                        
(EC 3.2.1.131) 
Hydrolyzes α-1,2-linkage between 4-O-
methylglucuronic  
(product: glucoronic acids) 
Acetylan esterase                          
(EC 3.1.1.72) 
Hydrolyzes acetylester bonds in acetyl xylans 
Ferulic acid esterase                    
(EC 3.1.1.73) 
Hydrolyzes ester bonds between ferulic acid and 
arabinose substitutions 
p-coumaric acid esterase 
(EC 3.1.1.73) 
Hydrolyzes p-coumaryl ester bonds 
 
Hemicellulose-degrading enzymes have broad application in paper and pulp 
industries owing to their ability of bleach-boosting or pulp biobleaching. 
2.2.2 Enzymatic hydrolysis of cellulose to produce glucose 
The final product of cellulose hydrolysis is glucose which is transformed 
further to produce value-added chemicals by means of chemical and biological 
methods (Figure 8).  
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Figure 8. Transformation of glucose into value-added chemicals 
Different methods, such as concentrated acid, diluted acid, alkaline, and 















High glucose yield 
(~90%), high reaction 
rate 
High cost of acid, corrosion 
and environmental problem 
Diluted acid <1% H2SO4, 
215°C, in 
minutes 
High glucose yield 
(~50%), high reaction 
rate 
Formation of inhibitor, high 
operational cost at high 
temperature, corrosion and 
environmental problem 
Alkaline 18% NaOH, 
100°C, in 
hours 
High reaction rate Low sugar yield (~30%), 










cellulose pretreatment, low 
hydrolysis rate, product 
inhibition, high cost of 
cellulase 
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As shown in Table 2, enzymatic hydrolysis of cellulose offers high yield of 
glucose under mild reaction condition. In this process, production of glucose 
from lignocellulose takes places via two consecutive steps: (1) pretreatment of 
lignocellulose; (2) hydrolysis of cellulose and hemicellulose to fermentable 
sugar, including glucose (Figure 9). 
 
Figure 9. Production of glucose from lignocellulose 
2.2.2.1 Pretreatment of lignocellulose 
The goal of lignocellulose pretreatment is to modify physical and chemical 
properties of lignocellulose, so that enzymatic hydrolysis achieves high yield 
of sugar. Without pretreatment, enzymatic hydrolysis of lignocellulose 
achieves less than 20% of theoretical maximum yield.
37
 The ideal criteria for 
the pretreatment of lignocellulose are: (1) to produce high monomeric sugar 
yields; (2) to generate highly digestible cellulose for rapid hydrolysis with 
lower enzyme dosage; (3) to minimize sugar loss, energy, chemicals and 
capital equipment for pretreatment; (4) to limit formation of degradation 
products that inhibit both hydrolysis and fermentation process; (5) to be 




Considering that each pretreatment has different interaction mechanism with 
lignocellulose, type of pretreatment is specific to each lignocellulosic biomass. 
The pretreatment method influences the physicochemical properties of pre-
treated biomass and downstream processing (e.g., enzyme loading, hydrolysis 




 Then, computational methods may determine these inter-
relationship between physical characteristic of lignocellulose and their 
pretreatment condition so that energy requirement of each step in pretreatment 
process may be calculated and minimized.41 
Types of lignocellulose pretreatment are described more detail in Table 3.  
22 
 
Table 3. Pretreatment of lignocellulose
37,39,40,42-47
 
Method  Operating condition Remarks 
Mechanical disruption Room temperature Mechanism: increase surface area of cellulose, reduce DP and cellulose 
crystallinity 
Disadvantages: high cost, low yield of enzymatic hydrolysis 
Organosolv (uses organic 
solvents, usually alcohols in the 
presence of an acidic catalyst)  
160–200°C for 30–60 min Mechanism: removal of lignin and some hemicellulose 
Advantages: recovery of furfural, xylose, acetic acid, lipophilic extracts from 
the liquid phase, effective for biomass with high lignin content, easy recycling 
of organic solvents 
Disadvantages: formation of inhibitor (it must be completely removed before 
fermentation)   




Solvent: phosphoric acid, acetone, water  
Mechanism: fractionation of lignocellulose to amorphous cellulose, 
hemicellulose, lignin, and acetic acid 
Advantages: relatively modest reaction condition 
Disadvantages: requirement of corrosive-resistant equipment 
Diluted acid  60- 220°C (from seconds 
to minutes); concentration 
of acid is  
less than 4% 
Mechanism: solubilization of the majority of the hemicellulose and small 
amounts of lignin 
Advantages: high reaction rate, addition of hemicellulose-degrading enzymes is 
not necessary 
Disadvantages: detoxification of the hydrolysates before fermentation 
(formation of degradation products at high temperature), extensive washing of 









P=0.69-4.83 MPa), then 
swift reduction of pressure 
(explosive 
decompression).  
Mechanism: solubilization of hemicellulose in liquid phase and transformation 
of lignin at high temperature. Under these pretreatment conditions, 
hemicellulose releases acetic acid and water behaves as acid at high 
temperature, so the condition of steam explosion is in acidic condition 
Advantages: it can be applied to various type of lignocellulose, uses limited 
chemicals, low energy requirement, no environmental costs 
Disadvantages: partial degradation of xylan, incomplete disruption of the 
lignin-carbohydrate matrix, formation of inhibitor (furfural, 5-HMF, phenolic 
acid, aldehydes, levulinic acid). To remove these inhibitors, pre-treated biomass 
needs to be washed by water prior along with water-soluble hemicellulose, so 
the overall sugar yield is greatly reduced 
Liquid hot water pretreatment 180-190°C Mechanism: cleavage of hemiacetal linkages and ether linkages in biomass, 
liberation of acid 
Advantages: low formation of degradation products, low cost of solvent 
(water), no washing step or neutralization step 
Disadvantages: low concentration of solubilized products, high energy cost in 
down-stream processing due to large volume of water  
Carbon dioxide (CO2) explosion Supercritical CO2 (sc-CO2) 
or high pressure of CO2 
(1000-4000 psi) 
Mechanism: hydrolysis of hemicellulose through formation of carbonic acid 
when CO2 dissolved in water under high pressure 
Advantages: low cost of CO2, low formation of inhibitor, high solid capacity 
Disadvantages: requirements of equipment that withstand with high pressure of 
CO2  
Ammonia fibre/freeze explosion 
(AFEX) 
Ammonia solution at 
pressure above 3 MPa and 
60°C-90°C for 10-60 min 
Mechanism: removal of lignin 
Advantages: good compatibility between hydrolysate and fermentation 
organism, low cost of ammonia, recyclability of ammonia, low formation of 
inhibitor 




Ammonia recycle percolation 
(ARP) 
Ammonia solution                         
(5-15%) at 80-180°C for 
10-90 min  
Mechanism: delignification 
Advantages: compatibility between hydrolysate and fermentation organism, 
low cost of ammonia, recyclability of ammonia, low formation of inhibitor 
Disadvantages: limited  to lignocellulose with low lignin content 
Lime (CaCO3 or NaOH)  85-150°C  Mechanism: removal of lignin and acetyl group 
Advantages: low cost of reagent and safety equipment, recycling process (by 
washing lignocellulose with water which is saturated with carbon dioxide to 
form calcium carbonate precipitate. It can be processed to regenerate lime in the 
lime kiln) 
Disadvantages: limited to lignocellulose with low lignin content, long reaction 
time (in days), huge volume of neutralization agents in the washing step 
Oxidative (ozone) At room temperature Mechanism: reagents react with lignin aromatics and alkyl/aryl ether linkages 
as well as hemicellulose  
Advantages: reaction condition at room temperature and pressure 
Disadvantages: large consumption of ozone, formation of inhibitor (aliphatic 
aldehydes, aliphatic organic acids)  
Wet oxidation  
 
 
180–200°C  Oxidative agent: H2O2 or over-pressure of oxygen 
Mechanism: oxidation of lignin and hemicellulose to low molecular weight 
carboxylic acids, CO2, and water. Oxidation of inhibitors (phenolics, furans) to 
carboxylic acids  
Disadvantages: high pressure, high cost of oxygen 
Biological degradation 28–40°C Brown-rot fungi attacks cellulose, but white-and soft-rot fungi attack both 
cellulose and lignin.  
The most effective fungi is Basidiomycetes. 
Advantages: non-energy intensive processes, mild environmental condition
 
 
Disadvantages: low hydrolysis rate, carbohydrate consumption by microbes 




During pretreatment, all lignocellulose pretreatments in Table 3 remove only a 
small fraction of glucose.
43
 In addition to above-mentioned lignocellulose 
pretreatments, ionic liquid (IL) appears as green solvent for the pretreatment 
of lignocellulose.   
2.2.2.2 Ionic liquid (IL) 
Ionic liquid is a group of salts that melt below 100
ο
C and show attractive 
properties, such as high chemical and thermal stability, high electrical 
conductivity, low volatility, and low flammability. IL is an emerging solvent 
for the pretreatment of lignocellulose. It has lower operational temperature and 
less equipment as well as energy costs than other lignocellulose pretreatments. 
Moreover, the overall process is sustainable due to recyclability of IL. The 
ideal requirement of ILs are ILs which have low melting point and are stable, 
recoverable, non-toxic, non-odorous, and cheap.
48,49,50
  
In the pretreatment of lignocellulose, IL disrupts three-dimensional network of 
the lignocellulose components by interacting with cellulose and lignin.
51,52 
π−π-interactions between cations and aromatic rings of lignin in dissolution of 
lignin play the most important role. The interaction between cellulose and IL 
explains mechanism of cellulose dissolution (Figure 10). The oxygen and 
hydrogen atoms in cellulose form complexes of electron donor-acceptor with 
the charged species in IL and then there is strong interaction between the C6 
and C3 of  neighboured cellulose chains. Thus, the separation of hydroxyl 






Figure 10. Mechanism of cellulose dissolution  
After pretreatment of IL, specific surface area in the pre-treated cellulose 
increases and structure of cellulose alters to amorphous region. These new 
cellulose structures enhance hydrolysis rate of enzyme in the subsequent 
process and produce high yield of fermentable sugars.
37,50
 
Addition of anti-solvents after IL pretreatment (e.g., water, acetone, alcohol) 
precipitates dissolved cellulose which is explained by a solute-displacement 
mechanism. Extraction of ionic liquid into the aquaeous phase happens via 
different forces, such as hydrogen bonding, dipolar, and Coulomb forces, 
which then form hydrodynamic shells around the ions of IL. The direct 
interactions of IL ions to the cellulose are shielded. Intramolecular and 
intermolecular hydrogen bondings are re-formed, and then cellulose 
precipitates. Thus, it enables separation of cellulose from lignin and 
hemicellulose as well as formation of cellulose fibers. 
The composition of cation and anion in IL affects dissolution of lignocellulose. 
The ionic parameters, such as cation and anion size, as well as hydrogen bond 
basicity, influence dissolution power of IL. Smaller cation and anion are 
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preferrable because they form stronger hydrogen bonding with cellulose.
42
 IL 
based on methylimidazolium and methylpyridinium cores with allyl-, ethyl-, 
or butyl- side chains are excellent cations for cellulose dissolution. In the 
series C2 to C20, even number of carbon atoms in the side chain has better 
performance for the dissolution of cellulose than odd number with C4 side 
chain has the best dissolution power of cellulose. Moreover, incorporation of 
hydroxyl atom improves solubility of cellulose because it enhances polarity of 
heteroatomic substituents on the imidazolium ring. However, substitution of 
alkyl chain carbon atoms with oxygen atoms diminishes IL ability to dissolve 









as anion shows poor performance, but chloride, acetate, and 
formate indicate excellent performance.
23,25,49,53
 
Although IL has significant advantages for lignocellulose pretreatment, 
application of IL encounters two major problems: 
1. The presence of IL on the pre-treated lignocellulose inhibits saccharification 
process  
Cellulase is inactivated in IL, even at low concentrations of IL.
48
 Therefore, 
there is a need to compromise between enzyme-IL compatibility and 
lignocellulose dissolution power. For example, anion Cl
-
 in IL has excellent 
performance in biomass dissolution, but it can denature cellulase.37,54 The 
salinity of IL reduces cellulase activity, so that cellulose must be cleanly 
separated from IL prior to enzymatic hydrolysis. Then, the resulted 
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regenerated cellulose should be washed extensively to remove residual IL. 
The approach to avoid toxicity of IL is by developing a compatible IL-
cellulose system which solubilizes lignocellulose and maintains cellulase 
activity in the same time. It is also reported that addition of surfactant, such 
as poly(ethylene glycol), can improve stability of enzymes in IL.
48
  
The influence of ILs to the stability of cellulase may be further studied by 
using MD simulations.55 MD simulations at high temperatures can quantify 
different criteria related to changes in the folding free energy of cellulase 
and then observe partial unfolding of enzyme. These analysis eventually 
allows us to assess mechanisms that lead to destabilization of cellulase.55  
Therefore, this method may enable us to propose novel ILs which improve 
stability of cellulase and suggest procedure for enzyme stabilization, such 
as cellulase immobilization, in ILs.56,57 Another method to improve cellulase 
stability in ILs is by using a semi-empirical model. In this system, each 
component of cellulase (EG, CBH, cellobiase) is rationally optimized for 
the hydrolysis of regenerated cellulose containing residual IL. After 
hydrolytic activities of each cellulase component are determined and their 
cellulase stabilities are measured, optimization of cellulase mixture is 





2. The high cost of IL 
The price of IL is expensive due to the small size of production (kg scale). 
Therefore, IL requires efficient recycling and regeneration for application in 
industrial scale. The other choices are supercritical fluids to extract IL-
soluble polymers and anion exchange resins for isolation of IL as salt and 
precipitation of partial lignin. Another possible method is addition of 
concentrated solutions of K3PO4 and K2HPO4 after lignocellulose 
dissolution in IL. Phosphate solution causes phase separation, so there is 
formation of three phases consisting of salt-rich aqueous phase, a solid 
phase rich in cellulose, and IL-rich phase containing lignin. Overall, energy 




Although reports of ILs-dissolving cellulose increase every year, the 
mechanism of how ILs interact with lignocellulose remains unraveled. Thus 
far, the fundamental intermolecular interactions that drive dissolution and 
regeneration of cellulose in IL have not been resolved. The use of 
computational analysis, such as molecular dynamics (MD) simulations, 
density functional theory (DFT) calculations, and quantum mechanics 
simulations, may help to tackle these problems. MD simulation is a powerful 
tool to provide a detailed analysis of dissolution process of biomass in ILs, 
interaction of lignocellulose with ILs and cellulose conformation in ILs and 
their mixtures with water.
59
 The results of these MD calculations, such as 





  Understanding of the interactions of ionic liquid with cellulose is 
very crucial to design ionic liquid with excellent performance for 




2.2.2.3 Enzymatic hydrolysis of cellulose 
Cellulase performs hydrolysis of cellulose. It consists of three main 
components: (1) endo-1,4-β-D-glucanase (EG) (EC 3.2.1.4) which hydrolyses 
internal β-1,4-glucosidic bonds randomly in the cellulose chain and generates 
oligosaccharides with different length; (2) exo-1,4-β-D-glucanase or 
cellobiohydrolase (CBH) (E.C. 3.2.1.91) which cleaves off cellobiose units 
from the ends of cellulose and releases glucose or cellobiose, and (3) 
cellobiase or 1,4-β-D-glucosidases (EC 3.2.1.21) which hydrolyses cellobiose 
to glucose and cleaves glucose units from cellooligosaccharides. 
Cellulase has a modular structure consisting of catalytic and carbohydrate-
binding modules (CBM). The CBM influences binding to the cellulose surface 
by bringing the catalytic domain close to cellulose; thus, removal of CBM 
significantly lowers hydrolysis rate of cellulose. The main difference between 
cellulase and other glycoside hydrolases is ability of cellulase to hydrolyze                       
β-1,4-glucosidic bonds between glucosyl residues which happen through acid 
hydrolysis mechanism by using a proton donor and nucleophile or base.
35
 
Cellulase works based on four synergism systems: (1) EG-CBH (endo-exo 
synergy); (2) CBH processing from the reducing and non-reducing ends of 
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cellulose chains (exo-exo synergy); (3) CBH-cellobiase to remove cellobiose; 
and (4) catalytic domains and CBM (intramolecular synergy). Although 
cellulase consists of three groups of enzyme, cellulase is not an agglomeration 
of enzymes. However, cellulase acts synergistically to hydrolyze cellulose 
efficiently.
35
 Enzymatic hydrolysis of cellulose by cellulase consists of three 
steps: (1) adsorption of cellulase onto the surface of the cellulose; (2) the 
hydrolysis of cellulose to fermentable sugars; and (3) desorption of cellulase. 
During hydrolysis, activity of cellulase decreases due to irreversible 
adsorption of cellulase onto the surface of cellulose which is minimized by 




The most well-known cellulase is cellulase from T. reesei. The cellulase 
system of T. reesei (teleomorph: Hypocrea jecorina, initially 
called Trichoderma viride) belongs to noncomplexed-cellulase systems. 
Noncomplexed cellulase systems are cellulase produced in confined cavities 
within cellulosic particles due to the ability of cellulolytic filamentous fungi 
and actinomycete bacteria to penetrate cellulosic substrates. T.reesei produces 
at least 5 EG (EG I, EG II, EG III, EG IV, EG V), 2 CBH (CBH I, CBH II), 
and 2 cellobiase (BGL I, BGL II). EG is responsible to decrease DP of 
cellulose and generates oligosaccharides which are susceptible to the 
enzymatic activity of CBH. Meanwhile, CBH I and CBH II act on reducing 
and nonreducing ends of microcrystalline cellulose, respectively. Based on a 
mass basis, CBH I and CBH II are 60% and 20% from the total cellulase 
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protein production. Therefore, CBH I and CBH II are main enzyme 
components of T.reesei which their CBM ensure binding and processivity of 
enzymes. Decreasing of polymerization degree reduces hydrolytic activity of 
CBH.  
The presence of cellobiose inhibits activity of EG and CBH. BGL I and                   
BGL II in T.reesei are bounded in the cell wall; hence the isolation of 
cellobiase from T. ressei is really challenging. Therefore, low level of 
cellobiase in T. reesei is not sufficient enough for in vitro saccharification of 
cellulose. To solve this problem, cellulase from T.reesei is usually 
supplemented with cellobiase from Aspergillus niger because A.niger 
produces higher level of cellobiase than T. reesei. Moreover, cellobiase from  
A. niger is more tolerant to glucose than cellobiase from T.reesei. Production 
of cellulase in T. reesei is induced by the presence of the substrate, but the 
presence of glucose suppresses cellulase production.
35
 
The efforts to produce active and stable cellulase for the hydrolysis of 
cellulose are hampered by the lack of understanding of its catalytic mechanism 
towards insoluble cellulose. Due to the complexity of cellulase, experimental 
methods are unable to provide proper explanation about enzymatic hydrolysis 
of cellulose.
60
 Molecular modelling and simulation methods are a powerful 
tool to solve these problems because they can eludicate mechanisms of 
cellulase-catalyzed reactions, improve catalytic activity of cellulase towards 
insoluble cellulose, and create large modification in cellulase stability and 
other catalytic properties.
60-62
 These simulation may use mixed quantum and 
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molecular mechanics (QM/MM) calculations which generate a detailed 
information about the catalytic mechanisms, activation barriers, and structure 
of cellulase active sites when reaction happens.
63
 The results of computational 
analysis are a useful information for experimental approaches in the hydrolysis 
of cellulose.
61
 The effect of changes in amino acid of cellulase can be 
predicted by computational approach and then confirmed by site-directed 
mutagenesis.
62,64
 Thus, the partnership between computational methods and 
experimental approaches produces cellulases with enhanced activity and 
stability for the hydrolysis of cellulose. 
2.2.2.4 Main challenges for the enzymatic hydrolysis of cellulose 
Enzymatic hydrolysis appears as the best method for the hydrolysis of 
cellulose,
36
 but the application in industrial scale is still hampered by several 
difficulties.    
Firstly, end-product inhibition of cellulase activity. Glucose and cellobiose 
inhibit cellulase by reducing performance of CBH and cellobiase. Several 
methods have been developed to reduce these product inhibitions, such as use 
of high concentration of enzymes, supplementation of cellobiase during 
hydrolysis, and removal of sugars during hydrolysis by simultaneous 
saccharification and fermentation (SSF). In SSF, reducing sugars as product of 
hydrolysis are simultaneously fermented to ethanol to reduce product 
inhibition in the hydrolysis step. Fungus T.reesei and yeast S. cerevisiae are 
common microorganisms used in SSF. SSF uses 38°C as their optimal 
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temperature, which is a compromise between hydrolysis temperature (45-50°C) 
and fermentation (30°C). SSF offers more advantages than separated 
hydrolysis-fermentation process; for example, increasing of hydrolysis rate 
due to removal of sugar, enhancement of product yields, and shortening of 
reaction time. Moreover, SSF has lower requirements for sterile conditions 
and the amount of reactor because of immediate removal of glucose and direct 
production of ethanol. Although SSF overcomes sugar inhibition problem, 
SSF has several drawbacks: (1) incompatible temperature between hydrolysis 




Secondly, low enzymatic hydrolysis with high substrate inhibition. The 
concentration of substrate affects yield and initial rate of enzymatic hydrolysis. 
An increase of substrate concentration corresponds to an increase of yield and 
reaction rate of the hydrolysis at low substrate levels; however, high substrate 




Thirdly, competitive adsorption of cellulase by lignin. In the initial step for 
cellulose hydrolysis, CBM of cellulase adsorbs cellulose via specific, 
noncovalent interactive forces to form a complex. However, cellulase also 
adsorbs lignin through hydrophobic interaction to form complex, and then  
cellulase-lignin complex decelerates enzymatic hydrolysis.
35
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To resolve three above-mentioned problems and increase glucose yield in the 
enzymatic hydrolysis of cellulose, there are three major research directions in 
the engineering of cellulase components:
62,65,66
 
(1) Rational design for each cellulase component 
The principle of this rational design is to examine amino acids located to 
the active site or the binding pocket in 3D structure of cellulase; thus, it 
needs the availability of detailed structure of cellulase components and 
their catalytic mechanism. This process consists of three steps, namely, 
selection of cellulase components, identification of the amino acid that 
needs to be changed, and characterization of the mutants in the last step. 
The general rules for site directed mutagenesis strategies to improve 
cellulase activity on solid substrate have not been exactly defined, so this 
process is mainly based on trial and error process.  
(2) Directed evolution for each cellulase component 
This method can improve properties of cellulase without proper 
knowledge of cellulase structure and interaction between cellulase and 
substrate. Nonetheless, directed evolution needs development of high-
throughput screening with high sensitivity as screening method, so this 
process is relatively costly and laborious. So far, the reported screening 
methods only use soluble cellulose as substrate due to huge challenge in 
designing protocol of screening that uses insoluble cellulose substrates.  
(3) The reconstitution of accessory enzymes which can improve hydrolysis 
yields towards insoluble substrate.  
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Despite the fact that cellulase engineering is challenging, the combinations 
between three above-mentioned approaches and computational protocols may 
produce active and stable cellulase with excellent hydrolysis performance 
towards insoluble cellulose. 
2.3 Stimuli-responsive polymers 
Stimuli-responsive polymers possess different behaviour and respond to 
different environmental condition, namely, temperature, pH, ionic strength, 
electric, light, magnetic fields, mechanical stress.
67-69
 Due to their unique 
response to environment, these polymers are often called as smart polymers, 
intelligent polymers or environmentally-responsive polymers.
70-72
 There are 
different forms of stimuli-responsive polymer, such as grafted or adsorbed on 
aqueous-solid interfaces, cross-linked hydrogels, or aqueous solution. These 
polymers may show different behaviour under different conditions; for 
example,  different turbidity for polymer solution, interface conversion from 
hydrophilic to hydrophobic for surface-adsorbed polymers, and sharp collapse 
for hydrogel forms. Although their reversion rate is relatively slow, smart 




2.3.1 Type of stimuli-responsive polymer 
Based on their stimulant, there are different types of stimuli-responsive 
polymers, such as temperature-responsive, pH-responsive, ionic strength-
responsive, light-responsive, electric-responsive, and magnetic field-
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responsive. Among stimuli-responsive polymers, temperature-responsive 




2.3.1.1 Temperature-responsive polymers  
The conformation of temperature-responsive polymers changes under different 
temperature. Due to the interactions competition between polymer-solvent and 
polymer-polymer, polymers experience phase transition at temperature called 
cloud point (Tcp).
24,74
 There are two classes of temperature-responsive polymer 
based on their response towards temperature:
74 
1. LCST-type polymers. Upon heating, polymer and solvent are immiscible 
due to the loss of hydrogen bonding.  
2. UCST-type polymers. Upon heating, polymer and solvent are miscible in 
all proportions.  





Table 4. Comparison of LCST and UCST-type polymers 
 




Increasing of temperature 
decreases solubility of polymer  
‘Soluble’ state at T<LCST 
‘Insoluble’ state at T>LCST 
Increasing of temperature 
enhances solubility of polymer 
‘Soluble’ state at T>UCST 





Decreasing of hydrodynamic 
radius as increasing of 
temperature 
Increasing of hydrodynamic 
radius as increasing of 
temperature 
2.3.1.1.1 Lower Critical Solution Temperature (LCST)-type polymers 
At temperature below LCST, LCST-type polymers form hydrogen bonding 
with water molecules and are soluble. However, they become dehydrated and 
insoluble when heated above the LCST and resulting in the phase separation.
75
   
The most popular of LCST-type polymers is poly-N-isopropylacrylamide 
(PNIPAm) with 32°C as its LCST. Below 32°C, the conformation of PNIPAm 
is coil, and then changed to globule after 32°C with very sharp transition.
76,77
 
As the most popular temperature-responsive polymer, PNIPAm has unique 
properties, such as the proximity to the physiological temperature and the 
easiness to tune phase separation temperature by copolymerization, salts or 
surfactants.
68
 Due to shrinkage at T>LCST, PNIPAm is negatively 
thermoresponsive polymer. Different from other polymers, molecular weight 
and concentration of PNIPAm do not influence LCST.
78
 
The phase separation of PNIPAm is explained as follows: At temperature 
below LCST, water behaves as a good solvent for PNIPAm. The hydrogen 
bonding between hydrophilic segments of the polymer chain and water 
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molecular are more dominant than other interactions; therefore, polymer 
dissolves in water.
69,77
 After a water molecule forms a hydrogen bonding with 
amide group in the polymer chain, the formation of other hydrogen bonding 
between water and polymer chain is easier than the previous step because the 
first molecule causes some displacement of the isopropyl group and creates 
more accessible space for the other molecules. As a result, strong consecutive 
interaction of bound water improves interaction between polymer and water, 
enhances solubility of polymer, and forces polymer to adopt an extended coil 
conformation.
79-82
 Due to the presence of ordered hydration shell of the large 
hydrophobic isopropyl groups in polymer solution, hydrophobic effect is 
significantly dominant and polymer solution has negative entropy value.
76,77
 
Upon increasing of temperature, hydrogen bonding of water with amide 
groups is disrupted significantly, but hydrophobic interactions among polymer 
segments increase. Hence, water is expelled and polymer is shrunken. Polymer 
chains alter from coil conformation to globule conformation in mechanism 
called microphase separation, and this phenomena increases the light 
scattering of polymer in the solution and turbidity of solution.
69,77,80-83
 During 
this process, the negative value of total entropy (ΔS) causes the positive value 
of the free energy of mixing (ΔG). When ΔG is positive and polymer chains 
undergo contractions, polymer reaches critical temperature and experiences 
macrophase separation or precipitation.
76,77,79,84,85
 In LCST-type polymers, 
there is hysteresis in heating or cooling due to limited water diffusion into the 
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dense hydrophobic aggregates which eventually retard hydration and re-
dissolution of the polymer aggregates at temperature below LCST.
79
  
A balance between attractive segment-water interactions and segment-segment 
interactions determines LCST of polymer.
83
 Structural factors that increase 
segment–segment attractive interactions decrease LCST; those that increase 
attractive segment–water interactions enhance LCST. The structure of 
polymer, concentration of polymer, solvents, salts, and surfactants, molecular 
weight of polymer, and chain end groups influence ratio of hydrophobic and 
hydrophilic segment of polymer and determine LCST.
67,75,83
 Incorporating 
LCST-type polymers with hydrophobic groups reduce LCST, but their 
sensitivity of these polymers to temperature increases LCST because direct 
interactions between alkyl chains and water disrupt the structure of water 
around the polymer and reduce polymer miscibility in water.
79,86
 LCST 
decreases with increasing of number of carbon atoms on the alkyl group or the 
number of alkyl groups present.
83
 Increasing of polymer molecular weight 
through formation of micelle also reduces the mixing entropy of polymer.
75,79
 
On the other hand, copolymerization with hydrophilic polymer increases 
LCST of polymer, but polymer becomes less responsive to temperature 
changing.
69,75
  The addition of surfactant alters LCST of polymer because 
surfactant amphiphilicity changes hydrophilic and hydrophobic balance. The 
presence of salts also influences polymer interaction and LCST, but their 
effectiveness follows the Hofmeister series.
83,86
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2.3.1.1.2 Upper Critical Solution Temperature (UCST)-type polymers 
The UCST-type polymers are immiscible with solvent and have collapse 
structure upon decreasing of temperature.
77,83
 UCST-type polymers are 
relatively rare compared to LCST-type polymer. In the phase diagram, UCST 
is depicted as the shared maximum of the spinodal and bimodal.
79
 The 
examples of UCST-type polymer are polystyrene in cyclohexane, 
poly(methacrylamide), poly(N-acetyl acrylamide), poly (N-acryloyl gluta-
mineamide), poly (N-acryloyl glycinamide) or PNAGA, poly-sulfobetaines 
and copolymer of PNAGA.
79,87
 However, UCST of PNAGA is largely 
dependent on the solvent, composition, and salts.
88,89
 In accordance with 
Horfmeister series of ions, UCST of PNAGA decreases in the presence of 
chlorides and thiocyanates, but increases with the presence of sulfates.
90
 
In UCST-type polymers, interactions between polymer-polymer and solvent-
solvent are stronger than interactions between polymer and solvent.
89
 Random 
distribution of polymer chain increases the flexibility of polymer chains, so the 
hydrophobic effect is a dominant factor.
51,53,76,90
 Therefore, UCST-type 
polymers have positive enthalpy and entropy value.  
In general, there are two main driving forces of UCST-type polymers:
75,90,91
 
1. Hydrogen bonding 
The strength of hydrogen bonding, balance of hydrophilic and lipophilic, 
stability of chemical are important parameter to design UCST-polymers 
driven by hydrogen bonding. The examples of UCST-polymers driven by 
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hydrogen bonding are poly(ethylene oxide)/PEO, poly(vinylmethylether)/ 
PVME, modified poly(vinyl alcohol)s, and poly(hydroxylethyl metha-
crylate)/PHEMA. However, all of them do not have UCST range from                   
0-100°C. An example of UCST-polymers having an UCST in the range  of 
0-100°C is poly(6-acryloylxy-methyl)-uracil (PAU) because of strong 
hydrogen bonding between amide as hydrogen-bonded donors and carboxyl 
group as hydrogen-bonded acceptors in uracil moieties.  
2. Coulomb interactions  
UCST-polymers driven by Coulomb interactions generally show UCST 
behaviour in pure water and solvent with very low ionic strengths. 
However, the presence of ionic groups in the polymer and electrolytes in 
solution may disturb these Coulomb interactions and response of polymers 
towards temperature. The example of UCST-type polymer driven by 
Coulomb interactions is poly(sulfobetaines). At temperature lower than 
UCST, strong interpolymer electrostatic interactions prevent dissolution of 
poly(sulfobetaines) in water. Increasing of temperature breaks off inter-
chain interactions between betaine groups on the polymer chains and leads 
to solubilization of polymers.  
Application of UCST-type polymers requires sharp separation at T<UCST and 
should be independent on ionic strength, concentration, type of ion, and pH of 
solution. The polymer will have a sharp and reversible transition of UCST if 





1. Polymer has both strong hydrogen donors and acceptors as well as 
homogenous polymer composition 
2. Polymer has strong stability towards hydrolysis  
Based on these requisites, hydrogen bonding is more promising than Coulomb 
interactions as driving force for UCST-type polymers because stability of 
hydrogen bonding is better than Coulomb interactions. 
In UCST-type polymers, adjustment of cloud point may be carried out through 
modification of molecular weight, end groups, and copolymerization of 
polymers with other monomers as well as alteration of solvents.
87
 
Hydrophobic comonomers, such as styrene and butyl acrylate, increase UCST 
of polymer. As comonomer, styrene has better hydrolytic stability than butyl 
acrylate, but comonomer of styrene has broader phase transition than 
comonomer of butyl acrylate. The different reactivity of comonomer causes 
variation of product composition, so it may form copolymer with high styrene 
or butyl acrylate content with high cloud point or low styrene or butyl acrylate 
with low cloud point.
88,90
 
There are no clear boundaries between LCST and UCST-type polymers. 
Manipulation of hydrogen bonding or electrostatic interactions in the polymer 
chains may alter LCST-type polymer to UCST-type polymer. In the presence 
of trivalent counterions, LCST-type polymers, such as poly (N,N-dimethyl-
aminoethyl methacrylate) have properties as UCST-type polymer because 
trivalent counterion increases interpolymer interactions between polymer 
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chains. Another example is PNIPAm which indicates UCST-behaviour in 




2.3.1.2 Application of temperature-responsive polymers 
Due to their unique behaviour, temperature-responsive polymers have 
significant application in different research fields. Application of temperature-
responsive polymers generally requires a polymer that has a cloud point 
between 0°C and 60°C and ionic strength between zero and physiological 
strength.
90
 Moreover, the reversible behaviour of temperature-responsive 
should not be influenced by molecular weight of polymer, concentration of 
polymer, and type of solvent.
67,93
  
Temperature-responsive polymers have broad application in drug delivery, 
thermal affinity separation, tissue engineering, protective coating, sensors, 
switchable surfaces, cell patterning, gene therapy, and catalysis. In drug 
delivery, local heating or cooling at temperature near cloud point induces 
destabilization of micelles and triggers releasing of encapsulated drug. In  
tissue engineering, LCST-type polymers help adhesion and detachment of 
cells. At temperature above LCST (hydrophobic state), cells adhere onto the 
smart surface and proliferate into a confluent sheet; however, cells are 
reversibly detached from polymers at temperature below LCST. The column 
packing materials in chromatography also use temperature-responsive 
polymers as smart surface due to temperature effect on the pore size. At 
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temperature below LCST, polymer chains exist in expanded conformation and 
restrict analytes to penetrate into deep inside the pores. Increasing temperature 
causes dehydration of polymer chain, shrinkage of polymer, and opening of 
pore which allows bigger polymer to penetrate into the pores. Hence, there are 




2.3.2 pH-responsive polymers 
pH-responsive polymers accept and release protons as a function of pH. The 
protonation or deprotonation of polymer chains changes osmotic pressure of 
polymer, conformation of polymer, and turbidity of solution. In the soluble 
state, polymers are hydrophilic and form extended conformation; however,  
polymers become hydrophobic and establish compact conformation in their 
insoluble state.
74,78,96
 The main requirement of pH-responsive polymers is the 
presence of ionisable functional groups with a pKa between 3 and 10, such as 
phosphoric acid, sulfonic acid, and amines and their sharp transition of pH 







Figure 11. pH-responsive polymers under different pH
97
 
Based on their response towards pH, pH-responsive polymers are classified 
into two main groups (as shown in Figure 11): 
a. Acidic pH-responsive polymers.
69,73,77,78
  
Acidic pH-responsive polymers accept protons at lower pH, but release 
protons at neutral and higher pH. Increasing of pH enhances the ionization 
degree of ionisable polymer and inflates polymer. The specific functional 
groups are carboxylic group, sulfonic group, and phosphoric group, such as 
polymethacrylic acid, poly(ethylene imine), poly (L-lysine), etc. 
b. Basic pH-responsive polymer.
69,74
 
The functional groups in basic pH-responsive polymer are protonated at 
higher pH, but they are positively ionized at lower pH. The specific 
functional group is amine, such as poly (N,N-diethyl aminoethyl 
methacrylate) and poly(N,N-dimethyl aminoethyl methacrylate). In these 
polymers, amine groups release protons under basic pH conditions and 
accept protons under acidic pH conditions.  
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The electrostatic repulsion and hydrophobic interaction determine pH 
transition of pH-responsive polymers.  However, it is possible to adjust critical 
pH of pH-responsive polymers through several methods:
67,69,97
 
1. Selection of the ionisable functional groups with a pKa corresponding to the 
desirable range of pH. 
2. Incorporation of hydrophobic or hydrophilic monomer to the polymer. 
Addition of hydrophobic groups increases pH because more electrostatic 
forces are required to overcome hydrophobic interactions.  
pH-responsive polymers have a broad application in drug delivery, biosensors, 
permeation switches, and microfluidic systems.
75,78
 Alteration of volume at 
different pH induces adjustment of flow rate in microfluidic systems. In 
controlled drug release, oral administration uses pH difference between input 
organs (e.g., injection of drug) and target organs; for example, polycationic 
hydrogels shrink at neutral pH to minimize drug release. When these polymers 
reach target organs, polymers swell and release encapsulated drugs. These pH-
triggered delivery systems are generally prepared by incorporation of pH-




2.4.1 Advantages of immobilization 
Biocatalysts are important tools in green and sustainable chemistry. The use of 
biocatalysts, particularly enzymes, promotes mild reaction condition (ambient 
temperature, pressure, pH), high catalytic activities, excellent chemo-, regio-, 
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stereo-selectivities, and less waste generation. However, the application of free 
enzymes is often hampered by high cost of enzyme, short catalytic lifespan, 
and reusability problem.
8,9
 Enzyme immobilization may overcome those 
difficulties by offering these advantages: 
Firstly, enzyme immobilization improves reusability. Immobilized enzymes 
offer easier separation and termination of reaction than free enzymes. In 
addition to lowering production cost, separation of immobilized enzymes from 
reaction mixture avoids product contamination, an important requirement in 
pharmaceuticals and food industries.  
Secondly, enzyme immobilization improves stability of enzymes. Immobilized 
enzymes can perform longer reaction time and harsher reaction condition than 
free enzymes. Furthermore, immobilization may also solve inhibition problem 




Thirdly, immobilization enables efficient multi-enzymatic and chemo-
enzymatic cascade processes. Co-immobilization of enzymes is kinetically 
advantageous because the subsequent enzyme consumes product from the 
previous reaction without the necessity of the product to diffuse out from the 
carrier. Moreover, the cascade reactions avoid unfavorable equilibria and drive 
formation of products because enzymes perform under almost similar reaction 
condition (i.e., temperature, pressure). Therefore, this process reduces 
chemical reagents, unit operations, reactor volume, waste generation, but it 
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may produce better volumetric and space time yields. Although the cascade 
process is advantageous, the main challenges for this reaction are 
incompatibility of different catalysts, difficulty in finding optimum condition, 
and complicated catalyst recycling. In the reported cascade reactions, 




Fourthly, immobilization allows continuous process and flexibility of reactor 
design which leads to better economical route.
99,102,103
  
To conclude, technology of immobilization is an important tool in sustainable 
chemistry. In addition to catalysis, immobilized enzymes are also applicable 
for sensor in analytical and biomedical applications, selective adsorbents for 
hazardous chemicals, fundamental tools for solid-phase protein chemistry, and 
micro devices for controlled release of protein drugs.
104-107
 
2.4.2 Important parameter of enzyme immobilization 
After immobilization, performances of immobilized enzyme are measured by 
different parameters, such as enzyme loading, activity recovery, 
immobilization yield and efficiency as well as mechanical robustness of 
immobilized enzymes.
15,101
 Thermodynamic stability (melting temperature     
/Tm), kinetic stability (deactivation rate constant/kd, half life/τ1/2), process 
stability (total turnover number/TTN), quick stability criteria (temperature-
dependent deactivation/T50 or chaotrope-dependent deactivation/ C50), and 
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other stability indicators (the optimum temperature of 
biotransformation/Topt or Tmax) determine enzyme stability.
16
 
2.4.3 Type of enzyme immobilization 
Immobilization of enzymes influences performance of enzyme. Firstly, new 
multi-interactions between enzyme and carrier may cause distortion of enzyme. 
Secondly, immobilization impedes active center of enzyme. Thirdly, 
immobilized enzyme suffers diffusion problems. Hence, methods of 
immobilization and properties of carrier influence catalytic activity of 
immobilized enzymes.
99,108
 In general, there are three methods for enzyme 




Figure 12. Enzyme immobilization strategies: entrapment (a), encapsulation (b), 
covalent bonding (c), and CLEA (d) 
2.4.3.1 Binding to a carrier 
The physical forces, such as hydrophobic and van der Waals interactions, 
ionic, or covalent bonding lead to enzyme binding to carrier. 
2.4.3.1.1 Physical adsorption 
Physical adsorption is the simplest immobilization method because the surface 
of carrier does not need functionalization. This adsorption is driven by 
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hydrophobic interactions, hydrogen bonding, van der Waals, and electrostatic 
forces between enzymes and functional groups on the surface of carriers. 
Based on their driving forces, adsorption is classified into following categories:  
1. Non-specific physical adsorption  
Enzyme is adsorbed via non-specific forces, such as van der Waals forces 
and hydrogen bonding. 
2. Affinity adsorption 
Enzyme is adsorbed by immobilized metals. 
3. Electrostatic interaction or ionic binding  
Enzyme is attracted via electrostatic forces between enzymes and 
functional groups on the surface of carrier.  
4. Hydrophobic interaction  
Enzyme is adsorbed by interaction of hydrophobic regions of enzyme and 
carrier. 
5. Bio-specific adsorption 
Enzyme is attracted via immobilized ligands. 
Any type of carrier can be used to adsorb enzymes via non-specific physical 
adsorption. However, special functional groups must be introduced on the 
carrier surface for other adsorption methods, such as charged groups for ionic 
adsorption, hydrophobic groups for hydrophobic interaction, immobilized 
ligands for affinity adsorption and bio-specific adsorption. Functionalization 
of polysaccharide biopolymers (e.g., dextran, chitosan, etc) by ionic groups 
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Physical adsorption does not influence the catalytic activity of enzyme 
because there is no alteration of enzyme orientation.
109
 This method is  
reversible which allows reuse of carriers and simple that enables enzyme 
immobilization under mild condition.
110
 Due to no chemical modification of 
enzyme, physical adsorption is considered as cheap method. This method is 
widely applied in industrial scale when enzyme is relatively cheap.
108
  
The main disadvantage of adsorption is the possible leaching of enzymes from 
carrier in different reaction conditions, such as alterations in 
temperature/pH/substrate concentration due to weak physical forces between 
enzymes and carriers. The leaching of enzyme may cause problems in 
downstream processing. The combination of immobilization methods, such as 
functionalization of carrier, helps to minimize enzyme leaching.
18,102,108,110
   
2.4.3.1.2 Covalent bonding 
The chemical reaction between active amino acid residues on the enzyme 
surface and active functionalized groups on the carrier surface forms 
immobilization using covalent bonding. Activation of carrier is necessary to 
obtain efficient linkage before binding to enzyme.  
In the covalent bonding, properties of carrier influence performance of 
immobilized enzyme. Those properties of carrier are physical nature of carrier 
(pore size, particle size), chemical nature of carrier (active functionalized 
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group), linkage group, enzyme conformation before and after immobilization, 
as well as amount of bonds formed between enzyme and carrier. The role of 
linkage group is to reduce steric hindrance between enzyme and carrier, so 
activity of enzyme is fully retained.  
The coupling reactions between active group of enzyme and carrier take place 
through different chemical reaction. The common functional groups for 
covalent bonding are epoxide, glyoxyl groups, and amino groups activated 
with glutaraldehyde on the carrier.
99
 Introduction of chemical reaction to 
enzyme should not significantly influence conformation and active site of 
enzyme, so immobilized enzyme retains high enzyme activity. In order to 
prevent enzyme leakage, chemical bonding must be very stable under different 
pH and temperature.  
The main advantage of covalent binding is alleviation of enzyme leakage and 
good recyclability of immobilized enzyme due to strong linkages between 
enzyme and carrier. However, specific activity of immobilized enzyme is 
lower than free enzyme which may be induced by chemical modification, 
unfavorable change of enzyme active site, and high mass transfer 
limitation.
77,90
    
2.4.3.2 Entrapment in a carrier 
Entrapment is in situ immobilization of enzyme in the presence of a polymeric 
network, either in organic or inorganic polymer matrixes. These enzymes are  
attached chemically or physically on the matrix. The main advantage of 
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entrapment is enzyme protection because it avoids direct contact with the 
environment, minimizes the effect of gas bubbles, mechanical sheer, and 
hydrophobic solvents. The main drawbacks of this technique are low enzyme 
loading and high mass transfer limitation as well as leakage of enzyme due to 
low physical restraints. Additional covalent bonding is the possible alternative 
solution to prevent enzyme leakage.
15,108,111
 
In entrapment, porosity, size, shape, and mechanical stability of carrier 
determine properties of carrier. Typically, increasing carrier porosity enhances 
enzyme activity due to reduction of diffusion limitation. The size and shape of 
carrier depend on target enzymes; however, size of carrier is generally larger 
than those used for covalent bonding. Type of precursors determines chemical 
nature of carriers, such as hydrophilic or hydrophobic, and finally influence 
activity and stability of immobilized enzymes. The hydrophilic carriers 
generally offer good compatibility with enzymes, but they have lower residual 
enzyme activity and stability than these enzymes immobilized on hydrophobic 
carriers.  
Similar to entrapment, encapsulation in an inorganic or organic polymeric 
matrix also protects enzyme from external environment. However, it is not 






2.4.3.3 Cross-linking of protein 
2.4.3.3.1 Cross-linked Enzyme Crystal (CLEC) 
Different from binding to a carrier or encapsulation, enzyme cross-linking 
does not use carrier, so immobilized enzymes have a high proportion of active 
enzymes. The most popular cross-linking or bifunctional agent is glutaral-
dehyde due to its abundance and low cost. Reaction of NH2 groups on the 
protein surface with carriers happens as a result of aldol condensation of cross-
linker (i.e., glutaraldehyde) which involves Schiff’s base formation and a 
Michael-type 1,4-addition to α,β-unsaturated aldehyde moieties.101 Formation 
of CLEC includes two steps, namely, preparation of enzyme crystals from 
aqueous buffer at the optimum pH and addition of cross-linker is added to 
form cross-link crystals of enzyme.  
The main advantages of CLEC are good operational stability towards 
denaturation (heat, organic solvents), easy recycling, high volumetric 
productivities of catalyst, and controllable particle size (1-100 µm). However, 




2.4.3.3.2 Cross-linked Enzyme Aggregates (CLEA) 
CLEA is a carrier-free approach which produced by two reaction steps (Figure 
13). In the beginning, addition of precipitants (i.e., salts, water miscible 
organic solvents, or non-ionic polymers) under mild reaction conditions 
precipitates aggregates of enzyme. Then, addition of cross-linking agents                
56 
 
(e.g., glutaraldehyde) stabilizes enzyme aggregates by reaction with amino 
groups from enzyme. The formation of CLEA combines purification and 
immobilization of enzymes into a single unit purification because the target 
enzymes precipitate under specific condition. However, preparation of CLEA 
from feedstock containing low protein content is very challenging. Addition of 





Figure 13. Preparation of CLEA
8  
There are several important factors for the formation of CLEA. Firstly, 
enzymes should have accessible lysine residues in their surface. Cross-linking 
becomes useless when enzymes do not have accessible lysine residues due to 
leaching in aqueous media. Addition of polyamine, such as polyethylene-
amine, may solve these problems.
15,101
 Secondly, adjustment of cross-linker 
ratio to enzyme is an important factor. If the ratio of cross-linker to enzyme is 
too low, cross-linking will not occur and insoluble CLEA will not be formed. 
However, high ratio of cross-linker influences enzyme activity due to 
decreasing of enzyme flexibility. The optimum ratio for each enzyme is 
different because enzyme has different surface structure and number of lysine 
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residues on the surface. The ratio of cross-linker to enzyme also determines 
particle size of CLEA which is important factor in industry because it affects 
mass transfer and separation. The typical particle size of CLEA is 5-50 µm 
due to easy separation in batch reaction.
76,80,108
  
CLEA is prepared from crude enzyme extracts, so this method is relatively 
simple, low cost, and broadly applicable. In addition to avoidance of 
expensive carrier cost, CLEA has high productivity of catalyst (kg product per 
kg biocatalyst), enhanced storage and operational stability towards 
denaturation (heat, organic solvents), good stability towards leaching in 
aqueous media, and easy recycling.
15,101
  Moreover, CLEA is highly porous, 
so this system does not suffer diffusional limitation.
8,99,101
 However, low 
retained enzyme activity, low mechanical stability, poor reproducibility, and 
difficulties in handling the gelatinous CLEA become serious problem of 
CLEA.
1,15,99,101,115
 In  cascade reactions, the combi-CLEAs have better 
productivity than a mixture of separate CLEA because transfer of product 
between enzymes in the close proximity of enzymes inside the combi-CLEAs 
is more favorable than two separate CLEA.
15,101
 However, co-immobilization 
of enzymes by using CLEA is relatively difficult because all enzymes should 
be crystallized together to obtain pure enzymes as feedstock. 
2.4.4 Carrier for enzyme immobilization 
As scaffold, carriers are important parameter for enzyme immobilization 
because they facilitate easy control over non-catalytic properties of enzyme 
and determine catalytic properties of enzyme. The excellent carrier should 
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have large surface area, low steric hindrance, good thermal, mechanical, and 
chemical stability to facilitate high enzyme loading and preserve enzyme 
activity. The low cost and environmentally benign of carrier are additional 
requirements for industrial application.
99,109
 The large surface area of 
nanoparticles has effect on higher enzyme loading and better enzyme activity 
than enzyme immobilized in the traditional materials; however, small particles 
carry problems in pressure drop.
18
 Therefore, the main challenge of enzyme 
immobilization is how to achieve good catalytic activity with small particle 
size, but it does not experience large pressure drop.
15
  
The carrier for enzyme immobilization are often classified based on several 
criteria, such as size (nano-sized, micro-sized), porous properties (porous, 
non-porous material), and chemical composition (organic, inorganic).
104
 In 
enzyme immobilization, nano-sized carriers have higher surface area to 
volume ratio, enzyme loading and mass transfer efficiency in reaction medium; 
thus, they have better catalytic performance than micro-sized carriers. 
However, nano-sized carriers also have difficulty on separation from reaction 
medium due to their small size. Porous carriers are generally preferrable 
because they provide better protection of enzymes from their environment and 
high enzyme loading. In order to achieve good catalytic performance, porous 
carriers should have controlled pore distribution.
112
 
Based on their chemical composition, carriers are divided into organic, 
inorganic, or both of them. Inorganic carriers have better stability under 
different conditions than organic carriers. Mesoporous silicas are promising 
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carrier for enzyme immobilization due to high surface area, narrow pore size 
distribution, uniform pore diameters, good thermal, mechanical stability, and 
easy functionalization on their surface area. Zeolites have small pore size             
(dp < 1.3 nm), so they are not suitable to adsorb large enzyme molecules. On 
the other hand, organic carriers offer easy modification due to the presence of 
reactive functional groups on the surface which facilitate interaction between 
enzymes and carriers.
113,114 
The examples of organic carriers are gelatin, 




2.4.5 Enzyme immobilization on temperature-responsive polymers 
As mentioned before, temperature-responsive polymers have different 
properties at different temperatures. In the soluble state, immobilized enzymes 
on temperature-responsive polymers do not suffer mass transfer limitation and 
achieve good catalytic performance. Furthermore, increasing temperature 
above LCST precipitates immobilized enzymes and helps their recovery and 
reuse. There are two general preparation methods for  immobilized enzymes 
on PNIPAm: (1) Introduction of vinyl group, and followed by 
copolymerization with NIPAm; (2) Reaction of NH2 groups on the enzyme 
surface with copolymer of NIPAm containing reactive ester groups or polymer 
containing N-succinimide ester as the end group.
15
 
The existing references about enzyme immobilization on LCST-type polymers 
are tabulated in Table 5 below: 
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Table 5. Enzyme immobilization on LCST-type polymers 
 Carrier Enzyme Reaction Key results 
1 PNIPAm
a





H2O2 oxidation of 
o-phenyldiamine to 
phenazine 
Immobilized HRP and Hb show higher catalytic activity than free HRP 
and Hb, respectively, in organic solvents 
Method of recycling: heating immobilized enzymes at T>LCST 
Retains 86% of its productivity after 5
th





  Hydrolysis of 




After 12 h of reaction, immobilized enzyme has similar activity with free 
enzyme due to the soluble state of immobilized enzyme 
Method of recycling:  heating immobilized enzyme at 55
 o
C 
















Activity of immobilized papain on PMMA/NIPAM/MAA is higher than 
these on PSt/NIPAM/MAA (reaction: T=37
o
C or T<LCST) 
Method of recycling: raising temperature to 45
o
C and increasing ionic 
strength of solution (adjusting the ionic strength to 0.5 by adding NaCl 
concentration to induce thermoflocculation) 
No significant lost of productivity for immobilized papain on 
PMMA/NIPAM/MAA after 20
th





 Esterification of 




Upon heating, the protein recovery is 75% 









There is decreasing activity of immobilized enzyme (to 75%) when 
reaction is carried out at 40
o
C or T>LCST, even though BSA is very 
thermostable enzyme 
The immobilized enzyme retains 90% of free enzyme activity when 
reaction is carried out at 25
o
C or T<LCST 
a
PNIPAm: poly (N-isopropylarylamide) 
b
copolymer with MEPO (tert-butyl 2-(3-(2-methylprop-2-enamido)propylamino)-2-oxoethoxycarbamate)                                 
c
 PMMA/NIPAm/MAA: poly (methacrylic acid/N-isopropylacrylamide/methacrylic acid); PSt/NIPAm/MAA: poly (styrene/N-
isopropylacrylamide/methacrylic acid) 
d 
PNIPAm-co-AA: poly (N-isopropylacrylamide)-co-acrylic acid 
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Although the conformation of temperature-responsive polymers is reversible 
and tunable, application of temperature-responsive polymer as carrier for 
enzyme immobilization is often hampered by discrepancy between cloud point 
and temperature of biotransformation or catalyst separation. Thefore, design of 
temperature-responsive polymers is really important to control the states or 
improve some desired functionality. These possible manipulation of 
temperature-responsive polymers to control cloud point of temperature-
responsive polymers: 
1. Incorporating temperature-responsive polymer with hydrophobic or 
hydrophilic group. Copolymerization with hydrophilic polymer increases 
LCST of polymer, but copolymerization with hydrophobic polymer 
decreases LCST of polymer. On the other hand, cloud point of UCST-type 
polymers increases after copolymerization with hydrophobic polymer and 
decreases after copolymerization with hydrophilic polymer. 
2. Addition of salts to the system. The presence of salts influences cloud point 
with their effectiveness follows the Hofmeister series. For example, cloud 
point of UCST-type polymer decreases in the presence of chlorides and 
thiocyanates, but increases in the presence of sulfates. 
3. Solvent modification. Modification of solvent changes cloud point of 
temperature-responsive polymers and reverses polymer behaviour towards 
temperature. For example, poly-N-isopropylacrylamide (LCST-type 
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polymer) shows UCST-behaviour in ionic liquid or in a mixture of water 
and high concentration of ethanol/propanol/ dimethyl sulfoxide. 
4. Increasing molecular weight of temperature-responsive polymer. For 
instance, cloud point of LCST-type polymer increases  through formation 
of micelle 
2.4.6 Main challenges for enzyme immobilization 
The main targets of enzyme immobilization are high enzyme loading,  enzyme 
activity, stability, durability, recyclability, and be cost-efficient.
104,115
 To 
achieve this goal, further understanding of the enzyme structure, their features 
(activity, stability, etc) and carriers may act as a good guidance for enzyme 
immobilization.
99




1. Exploring novel surface functionalization strategies  
2. Enhancing enzyme performance via immobilization 
3. Enabling multi-step reactions and selective compartmentalization for 
tandem reaction  
These methods are expected to produce immobilized enzymes that meet 
above-mentioned target of immobilization. 
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2.5 Solid acid catalysts for the hydrolysis of hemicellulose 
2.5.1 Solid acid catalysts 
Acids are common catalyst in industrial process. Homogeneous acid catalysts 
have higher activity, better flexibility, and lower investment costs than 
heterogeneous acid catalyst.
10,11,13
 However, use of homogenous acids in 
chemical industries has serious drawbacks. Firstly, homogenous acids 
necessitate the costly and inefficient separation of catalyst from reaction 
mixtures which results in a large amount of waste products and huge waste of 
energy. Secondly, separation of liquid acid is difficult, so catalyst will be lost 
after reaction.
10,11
 Therefore, more than half of the investment in equipment 




Based on these considerations above, development of solid acid catalysts is 
urgently required to overcome drawbacks of homogenous acid catalysts. 
During reactions, these solid acid catalysts can accept electrons or donate 
protons.
19
 Solid acid catalysts offer more advantages than liquid acids, such as 
easy product separation, recyclability of the catalyst, and reduced equipment 
corrosion. Allowing the recovery of the solid and its reuse from reaction 
products without any operation (fixed beds) or easy procedures (fluid and/or 
moving beds) also prevents deactivation of the catalyst during reaction. 
However, regeneration of catalyst is required to recover catalytic activity of 
solid acid catalyst.
13,116,117
 Solid catalysts allow the design of continuous flow 
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process in the industry. In addition, it is possible to combine different type of 
active sites in the solid acid catalyst which is impossible to be carried out in 
homogenous acid catalyst. Acidic and basic sites or hydrophobic and 
hydrophilic sites may be present in close proximity to each other.
12
 Therefore, 
solid acid catalysts are safer and more sustainable than liquid acids as respond 
to the principles of green chemistry.
10,13,116
 These advantageous facts of using 
solid acid catalysts stimulate development of active, stable, recyclable, water-
tolerant, and nontoxic solid acids which are also economically favourable.
10
 
So far, solid acids have replaced liquid acids for the production of fuels and 
bulk chemicals in the industrial scale. For example, alkylation, isomerization, 
dehydration, condensation, cracking, and etherification industry. Most of these 
chemical reactions are carried out in the gas phase.
116
 
The characterization of solid acid catalysts by solution spectroscopy is 
straightforward due to their composition as a well-defined single site. On the 
other hand, wide distribution of catalytic site makes difficulty for profound 
characterization of solid acid catalysts.
116
 Therefore, the characterization of 
solid acid catalysts is defined by several properties, such as surface area, 
strength of catalytic sites, Bronsted/Lewis acidity, morphology of the catalyst, 
and turn over frequency (TOF).
10,11
 Two independent parameter, amount of 
active sites per unit of surface area (density) and strength of acid sites 
influence catalytic activity of solid acid catalysts.
13
 Experimental approaches 
supported by computational methods are promising method to understand 
mechanism of solid acid catalysts and determine their active catalytic site as 
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well as control their properties. Manipulating these properties may improve 
activity and product selectivity of solid acid catalyst. 
101,102
  
Transformation of homogenous catalyst into heterogeneous catalyst is carried 
out by means of the attachment of the organic compound, either by adsorption 
or covalent bonding, into the solid surface. The best strategy to achieve an 
active and stable catalyst in reaction is the chemical bonding of the active 
species to the carrier. The main disadvantages of using covalent anchoring are 
the difficulty in the synthesis due to requirement of dedicated organic 
synthesis and reduction of catalytic activity of the resulted solid acid catalyst, 
so the catalyst productivity is low. Although the covalently anchored catalysts 
have excellent stability, leaching of the active site and adsorption of poisons 
onto the active site will deactivate solid acid catalyst. The  physically adsorbed 




The most popular of existing solid acid catalysts is sulfonic acid resins, 
especially macroreticular sulfonated polystyrene with 20% divinylbenzene 
(e.g., Amberlyst). The acidity of these materials is associated with the strong 
acidity of the aryl-sulfonic acid groups (Ar-SO3H) in the macroporous 
structure that allow substrates to enter the pores and interact with acid sites.
117
 
Although this sulfonated polystyrene owns high acid number, Amberlyst-15 
has several drawbacks, such as low acid strength (H0 or the Hammett acidity 
function is -2.2) and low thermal stability (operational temperature: 
<150−180°C).13,119 The other important example of polymeric solid acid 
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catalyst is Nafion. As polymeric perfluoroalanesulfonic acid, the 
electronegativity of fluorine substituents in Nafion increases acid strength of 
the sulfonic group.
116
 Zeolites (aluminosilicates) and zeolite-type 
silicoaluminophosphates (SAPOs) are other examples of well-known solid 
acid catalysts.  Their shape selectivity and facile modification of pore size are 
the main advantages of using zeolites as solid acid catalysts.
120
   
2.5.2 Acid catalysts for the hydrolysis of hemicellulose  
The main goal of the hydrolysis of lignocellulose is to achieve high yield of 
sugar from hemicellulose (and cellulose) and maintain the structure of 
cellulose and lignin. Acid hydrolysis of hemicellulose produces monomeric 
sugars which are valuable in the pharmaceutical industries and contains 
various rare sugars that are rarely occur in nature (according to definition from 
the International Society of Rare Sugars).
51
 Hydrolysis of polysaccharides is a 
sequence of three first order reactions (Scheme 1), namely, hydrolysis of 
polysaccharides to generate oligosaccharides (in the first step), 
monosaccharides (in the second step), and dehydration of monosaccharides to 
produce other products, such as HMF (in the third step).  
 
Scheme 1. Hydrolysis of polysaccharides 
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Whereas value of kinetic constants (k1+k2) indicates effective acidity, ratio of 
kinetic constants    
       
  
   determines efficiency of hydrolysis 
process. Increasing of α enhances selectivity of monosaccharides.119 Based on 
kinetic study, the activation energy for the xylan hydrolysis in sugar cane 
bagasse is 82.8 kJ/mol in a temperature range of 120-160°C which is 36 
kJ/mol lower than the activation energy for xylose.
51
 
Hydrolysis of lignocellulose requires Bronsted acid sites. Strong acidity with 
pKa<4 is important, but strong mineral acids may degrade monomeric sugars. 
However, at high temperatures, hydrolysis becomes nonselective and 
undesired reaction conditions occur due to dissolution of lignin and cellulose. 
Moreover, aromatic components from lignin inhibit the subsequent step of 
biotransformation.
51,121,122
 Therefore, selection of acid to achieve high yield of 
hydrolysis and suppress degradation products should be carried out carefully.  
As an inexpensive acid among inorganic acids, sulfuric acid is commonly used 
as catalyst in diluted condition at a temperature range of 120–220°C. 
Phosphoric acids, acetic acid, oxalic acid, trifluoroacetic acid, maleic acid, 
mixed acids (e.g., HCl+H2SO4, H2SO4+H3PO4) can effectively hydrolyze 
hemicellulose. Diluted sulfuric acid and hydrochloric acid are more corrosive 
than phosphoric acids. When this process uses nitric acid, special precautions 
should be taken due to production of gaseous nitric oxides at temperatures 
above 200°C. Organic acids achieve less sugar yields, but promote better 





The acid hydrolysis of polysaccharides uses two different methods, namely, 
concentrated acid hydrolysis and diluted acid hydrolysis. In the presence of 
concentrated acids, swelling of cellulose and breakage of glycosidic bond 
occur. When sulfuric acid concentration is higher than 50%, cellulose swells at 
low temperature and atmospheric pressure. Increasing sulfuric acid to above 
62% (w/v) leads to solubilization of cellulose. Although concentrated acid 
hydrolysis operates at atmospheric pressure and low temperature, it has 
serious drawbacks, such as high cost of catalyst, corrosion, and significant 
influence of lignocellulose water content to the hydrolysis.
19
  
In diluted acid hydrolysis, protonation of oxygen atoms by the hydrated 
protons leads to activation of glycosidic bonds. The diluted acid hydrolysis 
consists of two steps because hemicellulose has faster dissociation rate of                    
β-O-4 than cellulose. Hydrolysis of hemicellulose and some parts of cellulose 
happens under mild reaction condition in the first step, and further hydrolysis 
of the remaining cellulose at higher temperature in the second step. Despite 
the fact that diluted acid hydrolysis has higher operational temperatures and 
pressure than concentrated acid hydrolysis, diluted acid hydrolysis is common 
method for the hydrolysis of hemicellulose.
51,19
 Due to structure and non-
crystallinity of hemicellulose, separation of sugars is relatively easy. In diluted 
acid hydrolysis, filtration separates solid part containing cellulose and lignin 
from liquid part. However, more additional steps are needed to obtain pure 
sugars. Then, anionic or cationic exchanger resins in chromatography separate 
monomeric sugars into different sugar fractions. In the next step, sugars are 
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decolored by active carbon, filtered, concentrated, and crystallized from the 
hydrolysates and then transformed into value-added chemicals and fuels.
51
  
Up to date, there are two existing process for the hydrolysis of hemicellulose 
by using liquid acids. Firstly, Bergius process employs 40% wt HCl to 
hydrolyze lignocellulose at room temperature. Under these conditions, 
cellulose and hemicellulose are solubilized in the reaction medium, but lignin 
will remain insoluble. Oligosaccharides and glucose are obtained from 
cellulose without formation of degradation products. Hydrolysis of 
hemicellulose produces oligomers as main products and monomeric sugars, 
such as mannose, xylose, galactose, glucose, and fructose. However, high cost 
of HCl recovery and corrosion-resistant plants become main drawback of this 
process.  Secondly, the Noguchi process uses gaseous HCl as catalyst. HCl is 
initially adsorbed on lignocellulose, and then introduction of steam at 100–
130°C initiates the hydrolysis of hemicellulose. Whereas hemicellulose sugars 
can be obtained with a counter current water streams, lignocellulose is dried 
by hot air. The dried lignocellulose is later contacted with cold HCl gas to 
increase acid concentration in the surface to 42% and finally heating 
lignocellulose to 45 °C under contact with HCl completes hydrolysis. The 
overall process achieves 90% conversion of lignocellulose.
123
  
There are several factors that influence selective dissolution of hemicellulose 
by acid hydrolysis, such as temperature, acid concentration, and concentration 
of biomass. Most monomeric sugars are recovered in the temperature between 
140°C and 190°C. Increasing acid concentration enhances hydrolysis rate, but 
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also enhances degradation of monosaccharides, such as production from                       
5-hydroxymethylfurfural from hexoses and furfural from pentoses at high 
temperature and/or high acid concentration. Moreover, type of acid also 
influences sugar decomposition; for example, HNO3 catalyzes furfural 
formation. Another example is decomposition of xylose in H2SO4 is faster 
than in HCl and trifloroacetic acid. Addition of protectors, such as ethyl-ethyl 
ketone, suppresses decomposition of sugar.
51
 
In order to reduce sugar degradation and improve sugar yield, it will be a 
tremendous value to understand effect of reaction conditions to sugar yield 
and comprehend sugar degradation pathways at the molecular level. The 
studies about degradation of sugar under acidic condition by experimental 
approaches are difficult due to their dependence on the reactor configuration, 
the reaction media, and the reaction temperature. For example, at an elevated 
temperature and acidic condition, xylose degradation produces at least 10 
different degradation products, such as furfural, formaldehyde, formic acid, 
acetaldehyde, acetol, crotonaldehyde, lactic acid, dihydroxyacetone, 
glyceraldehydes, pyruvaldehyde, and glycolaldehyde. Moreover, different 
sugar also has different degradation rates, for instance, D-xylose has faster 
degradation rate than D-glucose. Unfortunately, the detailed mechanism for 
sugar degradations remains an open question. Ab initio molecular dynamics 
(MD) simulation may tackle these unresolved problem. MD simulation is able 
to understand glucose and xylose degradation mechanisms in acidic media 
(water as solvent), determine effect of water structure and specify the rate-
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limiting step in sugar degradation pathways.
124
 Understanding these factors is 
really necessary to improve sugar yield and diminish sugar degradation. 
The concentration of lignocellulose also influences hydrolysis selectivity and 
economical process. At high concentration of biomass, selectivity of 
hemicellulose hydrolysis decreases because more cellulose with high solid 
loading dissolves. However, re-concentration is needed when hydrolysis 
happens at very low concentration of biomass. Low acid concentration and 
solid to liquid ratio achieve the best xylose yield, but this process is 
economically unfavorable. The size of particle does not influence 
hemicellulose hydrolysis. Therefore, reaction optimization should be carried 
out further to achieve high yield of sugar and minimize degradation of sugar 
as well as economically favorable.
51
  
The anhydrosugar structure determines rate of acid hydrolysis. Hydrolysis of 
α-anomers is easier than β-anomers, hydrolysis of furanoses is faster than 
pyranoses due to high structural angle strains of furanose, and hydrolysis of 
skeletal monomers is more difficult than branched monomers.
51,119
 Based on 
reactivity ranking of ether linkage, hydrolysis obeys this sequence: 
glycoside<mannoside<galactoside<xyloside<arabinoside. For disaccharides, 
the hydrolysis rate follows rule: cellobiose<maltose<sucrose. Both random 
scission and selective scission of hemicellulose side chain happens during 





In diluted acid hydrolysis of hemicellulose, the reaction order is one with 
respect to acid concentration. Hence, at higher temperatures, there is slight 
deviation of reaction order due to dissociation of acid. H2SO4 and HCl are 
dissociated at high temperatures (T>200°C) and it leads to inaccuracy of pH 
determination, so activity of hydronium ion needs to be re-estimated.  
2.5.3 Solid acid catalysts for the hydrolysis of hemicellulose  
Hydrolysis of oligosaccharides by solid acid catalysts requires harsh reaction 
conditions, such as long reaction time, high temperature, and high catalyst 
loading. This hydrolysis process encounters significant challenges as 
mentioned below. Firstly, they have high mass-transfer limitation during 
hydrolysis reaction. Hydrolysis at high temperature and addition of gas 
pressure may enhance internal diffusion of oligosaccharides and overcome 
mass transfer limitation. Changing structure of catalyst influences diffusion of 
oligosaccharides inside the pores; for instance, increasing of resin cross-
linkage enhances mass-transfer limitations. Due to this diffusion problem, 
mesoporous materials are more suitable than microporous materials for the 
hydrolysis of lignocellulose.
119
 Secondly, the catalysts are relatively unstable 
under harsh hydrolysis reaction condition and aggressive reaction media, such 
as water. Most solid acid catalysts lost their catalytic activity in water because 
water reduces acid strengths. Therefore, development of water-tolerant solid 
acid catalysts is very crucial for biomass transformation. Moreover, there is a 





 The existence of impurities after hydrolysis should be kept to a 
minimum because the subsequent fermentation of pentoses is very sensitive 
towards inhibitor, so the leaching of active sites may bring serious impact to 
the next process. Thirdly, the existing solid acid catalysts lack of strong acid 
sites which can interact with hemicellulose and cellulose effectively, so they 
usually achieve low hydrolysis rate and yield. Attaching hydroxyl and 
carboxyl groups as the weak acid sites on the surface of catalyst help 
adsorption of carbohydrates.
119
 Fourthly, solid acid catalysts should have 
hydrophobic or hydrophilic on their surfaces. The hydrophobicity or 
hydrophilicity of surface is the most important factor for catalyst in an 
aqueous phase solution because both hydrophilic and hydrophobic molecules 
are involved in the transformation of biomass.
121
 This factor possibly favors 
organic polymers or organic/inorganic composites as carrier for solid acid 
catalysts because they offer possibilities in surface functionality and tunable 
behaviour of hydrophilic or hydrophobic behaviour.   
In order to achieve high conversion rate, hydrolysis of lignocellulose generally 
uses high temperature (>160°C), high catalyst loading (>100%), solubilized 
biomass (i.e., in the ionic liquid) and nanocatalysts. Nanoparticles behave as a 
fluid solution in the monodispersed forms, so their accessibility to 
hemicellulose and cellulose increases.
19
 Using gamma-valerolactone (GVL) as 






To sum up, understanding the factors that govern the catalytic performance in 
lignocellulose hydrolysis is necessary for the further development of 
economical and sustainable hydrolysis process. The mechanism about how 
acid cleaves β-1-4 linkages in cellulose is not fully understood even though it 
is widely accepted that acid catalyzes hydrolysis of glycosidic bonds.
125
 These 
hydrolysis mechanisms and reaction pathways may be resolved by using 
computational analysis, such as Density Functional Theory (DFT), hybrid 
quantum mechanics/molecular mechanics methods (QM/MM), and MD 
simulation. Furthermore, computational methods help to understand the 
formation of the coordination complexes, while predict the stable and major 
products distribution as well as the presence of a substituent preventing the 
formation of this intermediate. Molecular simulations also imply significance 
of environmental factors, such as co-solvents and additives, as well as explicit 
solvation phenomena (e.g., hydrogen bonding, hydrophobic interaction) to the 
hydrolysis reaction.
125,126
 Therefore, it is an interesting approach to use such 
calculations as screening tool in a search for optimum process for the 
lignocellulose hydrolysis and the further transformation to value-added 
chemicals.
126
 Then, the future improvements for experimental work can be 
recommended after hydrolysis mechanism of cellulose is unraveled. 
So far, only a very few findings about using solid acid catalysts for the 
hydrolysis of hemicellulose have been reported. Although the reported solid 
acid catalysts use high catalyst loading and harsh reaction conditions, they 
obtain low yield of hemicellulose and low recyclability. The existing reports 
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of solid acid catalysts for the hydrolysis of hemicellulose are tabulated below 
in Table 6: 
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Table 6. Hydrolysis of hemicellulose by solid acid catalysts 
 Catalyst Substrate Catalyst 










Xylose Arabinose Productivity No. of cycles 
(X) 
1 Sulfonated 













150 4 40.9 
 
- - - 
3 Sulfated zirconia
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8 JRC-SZ-1
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11 Activated carbon  
with particle size of 
20–150 μm132 
Corn stover 40 50 100 6 24.8
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- 92.3 10 
12 Activated carbon 
with particle size of 
20–150 μm132 




- - - 
13 Activated carbon 
with particle size of 
20–150 μm132 


















































50 10 170 (50 bar) 3 28 - - - 
22 HUSY (Si/Al=15)
134
 Bagasse 50 30 170                         
(5 MPa N2) 
2.5 45 (xylose+arabinose 
yield) 
- - 
23 Carbonaceous solid 





















 Xylan polysaccharides extracted from Miscanthus (3 g dry miscanthus in a microwave and added to 30 g of water at 190°C for 10 min) 
b
 In acetate-buffered aqueous 
solution, at a pH of 3.7–4.1 c Method of recycling: 10 mg of material was washed with 5 mL of 0.1 M NaOH in 50:50 v/v EtOH/H2O, 20 mL of DI water, 3 mL of 4 M HCl, 
and 30 mL of DI water, and dried before reuse for xylan hydrolysis in Miscanthus xylan extract. 
d
 The sugar yield was measured by DNS reagent. 
e





Based on these facts, the ideal solid acid catalysts for the hydrolysis of 
lignocellulose should have good acid strength and high acid density which can  
interact with hemicellulose, cellulose, and be water-tolerant. Moreover, these 
solid acid catalysts are reusable and economically favorable.
11,19,117,119,136
   
2.5.4 Solid acid catalysts based on temperature-responsive polymers 
Temperature-responsive polymers experience different solubility around their 
cloud point which allows efficient catalysis as soluble catalyst and easy 
catalyst separation as precipitate. These unique properties allow 
immobilization of acids for reaction. Recently, there are several examples of 
using temperature-responsive polymer as carrier for acid immobilization.  
Firstly, phosphotungstic acid (H3PW12O40) was immobilized on PNIPAm to 
form micellar-type aggregate. This catalyst was examined for oxidation of 
primary and secondary alcohols with hydrogen peroxide. At lower temperature, 
water containing catalyst was immiscible with substrate (primary and 
secondary alcohols). Upon increasing of temperature, reaction happened and 
stable emulsion containing substrate, catalyst, and product was formed. In 
oxidation of 1-phenyl-1-propanol, the catalyst achieved 92% yield at 90°C for 
2 h with H2O2 (30%). Then, the catalyst was recovered with precipitation by 
cooling down temperature. After addition of diethyl ether, catalyst was 
separated from the reaction mixture. After three cycles of reaction, 
productivity of catalyst was 97%.
30
 Secondly, molybdovanadophosphoric acid 
(H5PV2Mo10O40) was loaded into the internal pores of PNIPAM-coated SBA-
15. This catalyst indicated good activity for oxidation of phenol in the 
presence of H2O2 at temperature below LCST (25°C). However, no conversion 
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of phenol was observed at temperature above LCST (50°C). These results 
demonstrated that catalytic activity of nanoreactor was entirely controlled by 
temperature. Moreover, this nanoreactor was also recyclable. After five cycles, 




These results point out that temperature really influences catalytic activity of 
immobilized acids on temperature-responsive polymers. Up to date, only 
immobilization of acids on the LCST-type polymers is widely developed.  
Most chemical reactions occurs at high temperature (T>LCST); however, 














CHAPTER 3: TEMPERATURE-RESPONSIVE 
NANOBIOCATALYSTS WITH AN UPPER CRITICAL 
SOLUTION TEMPERATURE FOR HIGH PERFORMANCE 
BIOTRANSFORMATION AND EASY CATALYST 
RECYCLING: EFFICIENT HYDROLYSIS OF CELLULOSE 




The conversion of cellulose into glucose in an economical and sustainable 
method is a significant challenge in the utilization of lignocellulosic biomass, 
the most abundantly available raw material on the earth, for sustainable fuel 
production and chemical synthesis.
7,137-140
 Among different approaches, 
cellulase-catalysed hydrolysis
35,141
 (Figure 14a) is attractive due to the high 
yield of sugar, mild reaction condition, and its sustainability. Nevertheless, 
cellulase is still costly,
142-144
 thus hampering its practical application. In 
general, enzyme immobilization is a useful method to reduce the enzyme cost 
via recycling the enzyme and enhancing the enzyme stability.
9,14-17
 However, 
the reported immobilized cellulases have not reached high activity and 
recyclability for the hydrolysis of cellulose to glucose.
145-158
       
Among various strategies for enzyme immobilization, covalent attachment on 
solid carriers is the popular one due to higher stability and lower enzyme 
leakage.
9,14,15
 Nanoparticles are attractive carriers to achieve higher specific 
enzyme loading, less mass transfer limitation, and higher activity than their 
micro-sized counterparts. Magnetic nanoparticles (MNPs) have been used for 
the covalent enzyme immobilization to demonstrate these advantages and 
enable the recycling of the nanocatalyst via magnetic separation.
20-22
 
Nevertheless, the complete catalyst separation under magnetic field is still 
costly and difficult. Moreover, the reported immobilized cellulases on MNPs 
showed low activity and recyclability for the hydrolysis of insoluble cellulose 
to glucose.
152-154
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We have been interested in developing temperature-responsive polymers
23,24 
with an upper critical solution temperature (UCST)
88,159-161
 as nanoparticles 
for enzyme immobilization. This could generate UCST-type temperature-
responsive nanobiocatalyst with high catalytic performance and easy catalyst 
separation, in addition to high enzyme loading (Figure 14b): an UCST-
nanobiocatalyst is soluble at a temperature higher than UCST to give high 
catalytic activity and becomes insoluble by decreasing the temperature to a 
value below UCST to achieve easy catalyst separation/recycling. Thus far, 
neither the immobilization of enzyme on an UCST-polymer nor the synthesis 
of a nano-sized UCST-polymer has been reported.  On the other hand, several 
lower critical solution temperature (LCST)-type temperature-responsive 
polymers were reported as carriers for enzyme immobilization,
25-29
 but giving 
unsatisfied enzyme activity or recyclability. Only one nano-sized LCST-
polymer (reversed micelles) was used for enzyme immobilization, but it 
released 75% of enzyme after separation at a temperature above LCST.
28
 
There is no report on immobilization of enzyme on LCST-nanoparticles. More 
importantly, LCST-polymer is not appropriate for enzyme immobilization, 
since it requires the increasing of temperature for catalyst separation and thus 
can deactivate the enzyme. Herein, we demonstrate the novel concept of 
engineering an UCST-type temperature-responsive nanobiocatalyst for high 
performance catalysis and easy separation/recycling and the fabrication of the 
first UCST-nanobiocatalyst as immobilized cellulase for the hydrolysis of 




Figure 14. a) Enzymatic hydrolysis of cellulose to glucose with cellulase 
consisting of endo-1,4-β-glucanase (EG), exo-1,4-β-glucanase (CBH), and 
cellobiase. b) Temperature-responsive nanobiocatalysts with an upper critical 
solution temperature (UCST) for efficient biocatalysis and easy catalyst 
recycling. 
3.2 Experimental design 
3.2.1 Chemicals and enzymes 
Acrylic acid  (C3H4O2, 99%), acrylamide  (C3H5NO, 99%), glycidyl 
methacrylate (C7H10O3, 97%), ammonium persulfate ((NH4)2S2O8, 
≥98%), sodium metabisulfite (Na2S2O5, 97%), phenol (C6H6O, 99%), 
citric acid anhydrous (C6H8O7, 99%), sulfuric acid (H2SO4, 95-98%), D-
glucose (≥99.5%),  D-cellobiose  (≥99%),  and D-xylose  (≥99%)  were  
purchased  from  Sigma Aldrich, Singapore. Sodium hydroxide (NaOH, 
99%), carboxymethylcellulose (CMC, 99%, viscosity: 42 m.Pa.s, degree 
of substitution: 60% or higher, Mw: 200,000-400,000 g/mol), and 1,3,5-
dinitrosalicyclic acid (C7H4N2O7, 98%) were obtained from Merck, 





 qualitative filter paper and Bradford reagent were purchased 
from Sigma Aldrich, Singapore. Glucose oxidase kit was obtained from 
Invitrogen, USA. D-xylose assay kit was purchased from Megazyme 
International Ireland.   
Oil palm  Empty  Fruit  Bunch (EFB) from Malaysia (moisture content 
7%, w/w) was sun-dried and grinded to 1 mm particles  by  a  knife  mill  
with  1  mm  screen,  followed  by  oven-drying  at  80°C  for overnight 
before use.
162 
Cellulase (from Trichoderma reesei, aqueous solution, protein concentration: 
37 mg/mL) consisting of cellobiohydrolase, endoglucanase, and cellobiase 
was bought from Sigma Aldrich, Singapore, with a specific activity of ≥ 700 
U/g protein for the hydrolysis of CMC (40°C, pH 6.0). 
Cellobiase (from Aspergillus niger, aqueous solution, protein concentration: 
47 mg/mL) was purchased from Sigma Aldrich, Singapore, with a specific 
activity of ≥250 U/g protein. One unit of cellobiase activity is defined as 2 
μmole of glucose produced per minute at 40°C and pH of 5. 
3.2.2 Characterization methods 
Transmission electron microscopy (TEM) was performed on JEOLJEM-2010. 
Fourier transform infrared spectroscopy (FTIR) was performed on Bio-Rad 
Spectrometer of FTS 125. Dynamic Light Scattering was used to measure the 
hydrodynamic size of particles in solution by using Zetasizer nano-ZS from 
Malvern. UV transmittance and absorption were measured by using UV-Vis 
equipment Hitachi U-1900. 
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Sugar concentration was analysed by using DNS reagent.
163
 Glucose 
concentration was measured by using glucose assay kit.
163 
Glucose 
concentration was also determined by using an Agilent 1200 Series High 
Performance Liquid Chromatography (HPLC) with an Aminex HPX-87H 
column (Biorad Laboratories  Inc.,  USA)  at  60°C  and  a  refractive  index  
detector  at  55°C.  Aqueous solution of H2SO4 (4 mM; 0.021%, w/v) was 
used as an eluent at a flow rate of 0.6 mL/min. The retention time of glucose is 
9.0 min. 
Glucose amount in cellulose samples (CMC, filter paper, EFB, and pre-treated 
EFB) was measured by hydrolysis using a NREL protocol
164
 and analysis 
using glucose assay kit and HPLC. 
Glucose yield of the enzymatic hydrolysis was calculated as the glucose 
amount determined from the enzymatic reaction divided by the glucose 
amount determined from the used cellulose sample using the method described 
above.  
3.2.3 Synthesis of poly(acrylic acid-co-acrylamide) as Upper Critical 
Solution Temperature (UCST)-nanoparticles PAA NP.  
0.2124 g acrylamide (2.9 mmol), 409.76 µL acrylic acid (5.9 mmol), and 
0.0118 g ammonium persulfate (52 µmol) were added into 20 mL water in a 3-
neck round bottom flask under argon bubbling for 30 min at room temperature. 
The reaction was then carried out at 60°C and 500 rpm by mechanical stirring 
for 1 h. The reaction mixture was centrifuged at 1000 g and 4°C for 1 min, the 
supernatant was removed, and then the precipitates were washed by de-ionized  
(DI)  water  for  four  times  to  remove  the  remaining  reactant.  The 
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obtained nanoparticles (PAA NP) were re-suspended into 20 mL DI water to a 
concentration of 28.9 mg/mL. The yield for the synthesis of PAA NP was 90%. 
The amount of carboxylic groups on PAA NP was determined by 
potentiometric titration.
165
 PAA NP possessed 7.05 mmol carboxylic acid/g 
particles. 
3.2.4 Synthesis of interpenetrating polymer network poly(glycidyl 
methacrylate)/poly(acrylic acid-co-acrylamide) as UCST-nanoparticles 
IPN PGA.  
135.8 µL glycidyl methacrylate (996 µmol) and 0.0118 g ammonium 
persulfate (52 µmol) were added in 20 mL suspension of 579 mg PAA NP in 
DI water in a 3-neck round bottom flask under argon bubbling. The mixture 
was mechanically stirred at 500 rpm and 60°C for 30 min, followed by 
centrifugation at 1000 g and 4°C for 5 min. The supernatant was removed, and  
then  the  precipitates  were  washed  by  DI  water  for  three  times  to  
remove  the remaining reactant. The precipitates (IPN PGA) were re-
suspended into 10 mL DI water to a concentration of 51.1 mg/mL. The yield 
for synthesis of IPN PGA was 71%. 
3.2.5 Immobilization of cellulase on IPN PGA as UCST-nanobiocatalyst 
IPN-Cellu.  
1 mL citric acid buffer (50 mM, pH 4.8) containing 12.5 mg UCST-
nanoparticles IPN PGA and 0.47 mg cellulase (from T. reesei) in a 2-mL tube 
were shaken at 25°C and 30 rpm on a rocking chair for 4 h. The immobilized 
cellulase on IPN PGA (IPN-Cellu) was separated from reaction mixture by 
reducing the temperature to  4°C,  followed  by  centrifugation  at  6000  g  
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and  4°C  for  5  min.  The enzyme concentration in supernatant was detected 
by Bradford assay. Cellulase loading was detected as 37.9 mg/g support by 
measuring enzyme concentration before and after the enzyme immobilization. 
IPN-Cellu was then washed twice with 1 mL citric acid buffer (50 mM, pH 3). 
No detectable protein was observed in the washing solution. Drying with a 
rotary evaporator at reduced pressure gave 12.9 mg UCST-nanobiocatalyst 
IPN-Cellu, corresponding to 100% yield based on carrier and 100% enzyme 
immobilization efficiency. 
3.2.6 Immobilization of cellobiase on IPN PGA as UCST-nanobiocatalyst 
IPN-Cello.  
1 mL citric acid buffer (50 mM, pH 4.8) containing 12.5 mg UCST-
nanoparticles IPN PGA and 0.55 mg cellobiase (from A. niger) in a 2-mL tube 
were shaken at 25°C and 30 rpm on a rocking chair for 24 h. The UCST-
nanobiocatalyst IPN-Cello was separated from reaction mixture by reducing 
temperature to 4
ο
C, followed by centrifugation at 6000 g and 4°C for 5 min. 
The IPN-Cello was washed twice with 1 mL citric acid buffer. The enzyme 
concentration in 3 mL supernatant was determined by Bradford assay. The 
precipitates (IPN-Cello) were collected and dried by rotary evaporator at 
reduced pressure to give 12.9 mg UCST-nanobiocatalyst IPN-Cello with a 
cellobiase loading of 35.1 mg/g support, 80% enzyme immobilization 
efficiency, and 100% yield based on carrier. 
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3.2.7 Determination of UCST of nanoparticles PAA NP and IPN PGA and 
nanobiocatalysts IPN-Cellu and IPN-Cello.  
UV transmittance at 500 nm of 0.5% (w/v) of PAA NP, IPN PGA, IPN-Cellu, 
and IPN-Cello in 50 mM citric acid buffer (pH 3)
89,161 
was determined, 
respectively, using a spectrophotometer with a temperature controller. 
Transmittance as function of temperature from 0°C to 50°C was obtained for 
PAA NP, IPN PGA, IPN-Cellu, and IPN-Cello, respectively, and the UCST 
was determined as the turning point in each transmittance-temperature curve. 
3.2.8 Measurement of specific activity of UCST-nanobiocatalyst IPN-Cellu 
and free cellulase.  
The specific activity for the hydrolysis of carboxymethylcellulose (CMC) or 
filter paper was measured by using a IUPAC protocol.
163
  
5.3 mg IPN-Cellu containing 0.2 mg cellulase (or 0.2 mg free cellulase) and 
CMC (1%, w/v) in 1 mL citric acid buffer (50 mM, pH 4.8) were mixed in a             
2-mL vial and stirred at 250 rpm and 50°C for 30 min.  
5.3 mg IPN-Cellu (containing 0.2 mg cellulase) or 0.2 mg free cellulase and 
50 mg filter paper were added in 1.5 mL citric acid buffer (50 mM, pH 4.8) in 
a 10 mL flask and the mixture was shaken at 250 rpm and 50°C for 60 min.  
The reaction was stopped by heating at 95°C for 5 min. IPN-Cellu was 
separated by reducing the temperature to 4°C, followed by centrifugation at 
6000 g for 5 min. In the case of using free cellulase, the mixture was 
centrifuged at 13500 g and room temperature for 5 min. The glucose 
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concentration in the supernatant was determined by using glucose assay kit 
and confirmed by HPLC analysis.  
The specific activity for the hydrolysis of CMC of free enzyme for the 30 min 
reaction was determined as 162 U/g protein. The specific activity for the 
hydrolysis of CMC of IPN-Cellu was measured as 5.54 U/g catalyst or 146 
U/g protein, which corresponds to 90% of the free cellulase activity. 
The specific activity for the hydrolysis of filter paper of free enzyme for the 60 
min reaction was measured as 828 U/g protein. The specific activity for the 
hydrolysis of filter paper of IPN-Cellu was determined as 26.7 U/g catalyst or 
708 U/g protein, which corresponds to 86% of the free cellulase activity. 
3.2.9 Measurement of specific activity of UCST-nanobiocatalyst IPN-Cello 
and free cellobiase.  
The specific activity of IPN-Cello or free cellobiase was measured by using a 
protocol of IUPAC.
163
 14.2 mg IPN-Cello (0.5 mg cellobiase) or 0.5 mg free 
cellobiase in 1 mL citric acid buffer (50 mM, pH 4.8) were mixed with 1 mL 
15 mM cellobiose in a 10 mL flask. Reaction was carried out at 50°C and 250 
rpm for 30 min and terminated by heating at 95°C for 5 min. Catalyst 
separation and glucose determination were performed by using the same 
procedures described above for IPN-Cellu and free cellulase. The specific 
activity for free cellobiase was measured as 824 U/g protein. The activity of 
UCST-nanobiocatalyst IPN-Cello was determined to be 22.6 U/g catalyst or 
643 U/g protein, which corresponds to 78% of the free enzyme activity. 
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3.2.10 Hydrolysis of carboxymethylcellulose (CMC) with UCST-
nanobiocatalyst IPN-Cellu and free cellulase. 
A set of mixtures of 2 mL citric acid buffer (50 mM, pH 4.8) containing 1.3 
mg IPN-Cellu (cellulase: 50 µg) (or 50 µg free cellulase) and 5 mg CMC in a 
10 mL flask was shaken at 250 rpm and 50
o
C for different reaction time (6 h, 
12 h, 24 h, 30 h, 36 h). The reaction was stopped by heating at 95°C for 5 min. 
IPN-Cellu was separated by reducing the temperature to 4
o
C, followed by 
centrifugation at 6000 g for 5 min. In the case of using free enzymes, the 
mixture was centrifuged at 13500 g and room temperature for 5 min. The 
supernatant was used for the determination of sugar concentration by using 
DNS reagent and glucose concentration by using glucose assay kit and HPLC 
analysis. 
3.2.11 Hydrolysis of filter paper or pre-treated EFB with UCST-
nanobiocatalyst IPN-Cellu or with a mixture of UCST-nanobiocatalysts 
IPN-Cellu & IPN-Cello. 
A set of mixtures of 2 mL citric acid buffer (50 mM, pH 4.8) containing 2.6 
mg IPN-Cellu (0.1 mg cellulase) and 5 mg filter paper or 5 mg pre-treated 
EFB in multiple 10 mL flasks were shaken at 250 rpm and 50°C for different 
reaction time (12 h, 24 h, 36 h).  
A set of mixtures of 3 mL citric acid buffer (50 mM, pH 4.8) containing 15.8 
mg IPN-Cellu (0.6 mg cellulase), 34.2 mg IPN-Cello (1.2 mg cellobiase), and 
30 mg filter paper (or 30 mg pre-treated EFB) in multiple 10 mL flasks were 
shaken at 250 rpm and 50°C for different reaction time (12 h, 24 h, 36 h, 48 h, 
72 h).  
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The reaction was stopped by heating at 95°C for 5 min. The insoluble 
materials were removed by centrifugation at 21500 g for 1 min at room 
temperature. IPN-Cellu or the mixture of IPN-Cellu and IPN-Cello was 
separated from the supernatant by reducing the temperature to 4°C, followed 
by centrifugation at 6000 g for 5 min. The supernatant was used for the 
determination of sugar concentration by using DNS reagent and glucose 
concentration by using glucose assay kit and HPLC analysis.  
3.2.12 Recycling of UCST-nanobiocatalyst IPN-Cellu in the hydrolysis of 
CMC or pre-treated EFB or recycling of UCST-nanobiocatalysts IPN-
Cellu and IPN-Cello in the hydrolysis of filter paper or pre-treated EFB.   
2 mL citric acid buffer (50 mM, pH 4.8) containing 1.3 mg IPN Cellu (50 µg 
cellulase) (or 2.6 mg IPN-Cellu; 100 µg cellulase) were mixed with 5 mg 
CMC (or 5 mg pre-treated EFB) in 10 mL flask. Reaction was carried out at 
50°C and 250 rpm for 24 h.  
2  mL  citric  acid  buffer  (50  mM,  pH  4.8)  containing  10.6  mg  IPN-Cellu  
(0.4  mg cellulase), 22.8 mg IPN-Cello (0.8 mg cellobiase), and 20 mg filter 
paper (or 20 mg pre-treated EFB) in a 10 mL flask were shaken at 250 rpm 
and 50°C for 36 h. 
After each cycle of the above reactions, the insoluble substrate was removed 
by centrifugation at 21500 g for 1 min at room temperature. The supernatant 
was cooled down to 4°C and subjected to centrifugation at 6000 g for 5 min at 
4°C to recover IPN-Cellu or the mixture of IPN-Cellu and IPN-Cello. The 
supernatant was used for sugar and glucose detection as described above. No 
protein leakage was observed by using Bradford assay. The nanobiocatalysts 
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were washed with 1 mL citric acid buffer and separated by centrifugation at 
4°C and 6000 g for 5 min, for three times. The recovered nanobiocatalysts 
were added to the mixture of 2 mL citric acid buffer containing 5 mg CMC (or 
5 mg pre-treated-EFB) or 20 mg filter paper (or 20 mg pre-treated EFB) for 
next batch of reaction. 
3.2.13 10-Gram scale synthesis of UCST-nanoparticles IPN-PGA  
4.779 g acrylamide (67.3 mmol), 9219.6 µL acrylic acid (134.6 mmol) and 
0.267 g ammonium persulfate (389.5 µmol) were added in 450 mL water in a 
3-neck round bottom flask under argon bubbling. The reaction was carried out 
at 60ºC and 500 rpm for 1 h, followed by centrifugation at 1000 g and 4ºC for 
1 min. The precipitates (PAA NP) were washed by DI water for four times to 
remove remaining reactant. The obtained PAA NP obtained was dissolved in 
450 mL water in a 3-neck round bottom flask, and 3.057 mL glycidyl 
methacrylate (22.4 mmol) and 0.267 g ammonium persulfate (389.5 µmol) 
were added to this PAA NP solution under argon bubbling. Reaction was 
carried out at 60°C and 500 rpm for 30 min. The product (IPN PGA) was 
separated by centrifugation at 1000 g and 4°C for 5 min, and then washed by 
DI water for three times to remove remaining reactant. The obtained IPN PGA 
was re-suspended in 75 mL water to a concentration of 136.5 mg/mL. This 
gave 10.2 g IPN PGA in 60% yield. 
3.2.14 Larger scale immobilization of cellulase on IPN PGA as UCST-
nanobiocatalyst IPN-Cellu 
89 mL citric acid buffer (50 mM, pH 4.8) containing 1.113 g UCST-
nanoparticles IPN PGA and 42.2 mg cellulase were stirred at 25°C and 250 
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rpm in a 100 mL round-bottom flask for 5 h. Following the procedure 
described for small scale immobilization of cellulase in the main text, 1115 
mg IPN-Cellu were obtained with a cellulase loading of 37.9 mg/g support and 
100% enzyme immobilization efficiency. The particles were re-suspended into 
15 mL citric acid buffer to a concentration of 77 mg/mL for further use. 
3.2.15 Larger scale immobilization of cellobiase on IPN PGA as UCST-
nanobiocatalyst IPN-Cello 
76 mL citric acid buffer (50 mM, pH 4.8) containing 950 mg UCST-
nanoparticles IPN PGA and 41.8 mg cellobiase (from A. niger) in a 100 mL 
round-bottom flask were shaken at 25ºC and 250 rpm for 36 h. Following the 
procedure described for small scale immobilization of cellobiase in the main 
text, IPN-Cello was obtained in 983 mg, with a cellobiase loading of 35.1 
mg/g support and 79% enzyme immobilization efficiency. 
3.2.16 25 mL-scale hydrolysis of filter paper with the mixture of UCST-
nanobiocatalysts IPN-Cellu and IPN-Cello 
25 mL citric acid buffer (50 mM, pH 4.8) containing 132 mg IPN-Cellu (5 mg 
cellulase), 285 mg IPN-Cello (10 mg cellobiase), and 250 mg filter paper in a 
100 mL flask were shaken at 250 rpm and 50°C for 72 h. Mixtures of IPN-
Cellu and IPN-Cello were separated from reaction mixture by centrifugation at 
4°C and 6000 g for 5 min. The supernatant was used for the determination of 




3.2.17 Pretreatment of EFB 
A mixture of 1 g EFB in 20 mL 5% NaOH aqueous solution (1 gram NaOH 
per 1 gram EFB) in a round-bottom flask was stirred at 250 rpm and room 
temperature for 24 h. The solid fraction was separated from the liquid by 
filtration. The solid part was washed until the washing solution reached neutral 
pH. The compositions of the remaining solid (pre-treated EFB) were 
determined by using acid-hydrolysis following NREL LAP-002 protocol.
164,166
 
It contains 40% glucan and 23% xylan. 
3.2.18 Comparison of storage stability of UCST-nanobiocatalyst IPN-
Cellu and free cellulase 
13 mg UCST-nanobiocatalyst IPN-Cellu (0.5 mg cellulase) and 0.5 mg 
free cellulase were stored in the buffer citric acid (50 mM, pH 4.8) at 4°C and 
25°C for 3 days and 2 weeks, respectively. After storage, 2.6 mg IPN-Cellu 
(0.1 mg cellulase) or 0.1 mg free cellulase was used for the hydrolysis of 5 
mg filter paper in 2 mL citric acid buffer (50 mM, pH 4.8). Reaction was 
carried out in a 10 mL flask at 50°C and 250 rpm for 3 h. After reaction, 
IPN-Cellu was separated from reaction mixture by centrifugation at 4°C and 
6000 g for 5 min. In the case of using free enzymes, the mixture was 
centrifuged at 13500 g at room temperature for 5 min. The supernatant was 
used for the determination of glucose by using glucose assay kit. After 
storage, the retained enzyme activities for IPN-Cellu and cellulase are given 
in Table 15. UCST-nanobiocatalyst IPN-Cellu showed better storage stability 
than free cellulase.  
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3.3 Results and Discussion 
3.3.1 Preparation of UCST-nanoparticles PAA NP and IPN PGA  
Scheme 2. Synthesis of novel polymeric nanoparticles showing an UCST and 
immobilization of enzymes on the particles as nanobiocatalysts showing an 
UCST.     
Figure 15. a) TEM of PAA NP; b) Photos of PAA NP (29 mg PAA NP/mL) in 
water at (1) 25°C and (2) 4°C for 5 min; c) UV transmittance at 500 nm of 0.5% 
(w/v) PAA NP and IPN PGA, respectively, in citric acid buffer (50 mM, pH 3) at 
different temperature;  d) TEM of IPN PGA 
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Figure 16. Hydrodynamic size distribution of  PAA NP 
Thus far, no nano-sized UCST-polymer has been reported. Interpenetrating 
polymer network of poly(acrylamide) and poly(acrylic acid) was previously 
prepared as microgel with UCST.
159,160,167
 Poly(acrylamide-co-acrylic acid) 
was synthesized before as microgel by the reaction of acrylamide (AAm; 0.2 
g/mL), acrylic acid (AAc; 0.2 g/mL), t-butyl peroctanoate (initiator; 2 mg/mL), 
and methylene-bis-acrylamide (cross-linker; 9 mg/mL) in DMSO at 80°C for 
24 h.
160
 We achieved the preparation of PAAc-co-AAm as the first UCST-
nanoparticles (PAA NP) (Scheme 2) by controlling the polymerization 
between AAm and AAc using lower monomer concentration, shorter reaction 
time, lower temperature, different initiator, and no cross-linker. PAA NP was 
formed in 90% yield by the reaction of AAm (0.01 g/mL), AAc (0.02 g/mL), 
and ammonium persulfate (initiator; 0.6 mg/mL) in water at 60°C for 1 h. As 
shown in the TEM image (Figure 15a), PAA NP had a mean size of 107 nm. 
The hydrodynamic size was determined to be 120 nm (Figure 16), indicating 
no micro-sized particles. PAA NP formed clear solution in water at 25°C and 
precipitated after cooling down to 4°C (Figure 15b). The thermo-responsive 
behaviour of PAA NP was further characterized by measuring the UV 
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transmittance at 500 nm of a mixture of 0.5% (w/v) of PAA NP in 50 mM 
citric acid buffer (pH 3)
89,161
 at a temperature range from 0°C to 50°C. As 
shown in Figure 15c, PAA NP has an UCST (or cloud point) of 9°C. The 
temperature-responsive behaviour is possibly caused by the hydrogen bonding 
between acrylic acid and acrylamide. 
 
Figure 17. a) Hydrodynamic size distribution of IPN PGA; b) Photos of IPN 
PGA (25 mg IPN PGA/mL) in water. (1) At 25°C and (2) at 4°C for 5 min 
To facilitate the covalent immobilization of enzymes, epoxy group was 
introduced to PAA NP by the reaction with glycidyl methacrylate (GMA) to 
give interpenetrating polymer network IPN PGA as novel functionalized 
nanoparticles in 71% yield. As shown in TEM picture (Figure 15d), the mean 
size of IPN PGA was 109 nm. Hydrodynamic size was determined to be 122 
nm, without micro-sized particles (Figure 17a). IPN PGA was also a 
temperature-responsive material (Figure 17b) and showed an UCST of 14
o
C in 
Figure 14c. IPN PGA has a slightly higher UCST than PAA NP, which is 












Figure 18.  FT-IR spectra of a) PAA NP; b) IPN PGA; c) IPN-Cellu.
 
The structures of PAA NP and IPN PGA were confirmed in their infrared (FT-
IR) spectra (Figure 18a-b). Both nanoparticles showed the absorption bands at 
1654 and 1716 cm
-1
, attributed to the carbonyl groups of the amides and acids 
in the molecules, respectively. While the peaks at 2944-2947 cm
-1
 correspond 
to the methylene groups, the broad and strong bands at 3400 cm
-1 
belong to the 
OH and NH groups.
169-171
 Characteristic peaks of the epoxide ring in IPN PGA 
were observed at 813, 910, and 1049 cm
-1
.   
The fabrication of these two temperature-responsive nanoparticles was new, 
simple, reproducible, and high-yielding. The synthesis was also successfully 
scaled up to produce 10 grams IPN PGA in 60% overall yield for the two 
reaction steps.  
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3.3.2 Immobilization of cellulase and cellobiase as UCST-nanobiocatalysts 
IPN-Cellu and IPN-Cello 
For the preparation of the temperature-responsive UCST-nanobiocatalysts, the 
commercially available cellulase from Trichoderma reesei, which consists of 
endo-1,4-β-glucanase (EG), exo-1,4-β glucanase (CBH), and cellobiase, as 
well as cellobiase from Aspergillus niger were used as model enzymes.   
 
Figure 19. a) TEM of UCST-nanobiocatalyst IPN-Cellu (Cellu: cellulase from T. 
reesei, EG:CBH:cellobiase); b) TEM of UCST-nanobiocatalyst IPN-Cello (Cello: 
cellobiase from A.niger); c) UV transmittance at 500 nm of 0.5% (w/v) of IPN-
Cellu (37 mg cellu/g carrier) and IPN-Cello (35 mg cello/g carrier), respectively, 
in citric acid buffer (50 mM, pH 3) at different temperature; d) Photos of 
mixtures of IPN-Cellu (5.3 mg catalyst/mL) and IPN-Cello (11.4 mg catalyst/mL) 
in citric acid buffer. (1) at 25°C, (2) at 4°C for 5 min, (3) after centrifugation at 
4°C. 
Enzyme immobilization was achieved by mild shaking of nanoparticles IPN 
PGA and cellulase or cellobiase in aqueous buffer at room temperature for 4-
24 h. Covalent bonds were formed via the opening of the epoxides on the 
surface of IPN PGA by the free amine groups in the side chain of lysine in 
enzymes. This was evidenced in the IR spectrum of the resulted cellulase-
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attaching nanobiocatalyst (IPN-Cellu) (Figure 18c): the absorption bands of 
the epoxide rings disappeared while other characteristic peaks remained. IPN-
Cellu had a specific enzyme loading of 37.9 mg cellulase per gram particles, 
and the cellobiase-attaching nanobiocatalyst (IPN-Cello) contained 35.1 mg 
cellobiase per gram particles (Table 7). IPN-Cellu and IPN-Cello were 
prepared in 100% yield based on IPN PGA, with enzyme loading efficiency of 
100% and 80%, respectively.  
As shown in the TEMs of the immobilized enzymes (Figure 19a-b), the mean 
sizes of IPN-Cellu and IPN-Cello were about 120 nm. There was no cross-
linking among nanoparticles. No leaching of enzymes during washing of the 
nanobiocatalysts was observed, which indicated the stable attachment of the 
enzymes on the carrier. The nanobiocatalysts demonstrated temperature-
responsive behaviour with an UCST of 13-14°C (Figure 19c), which was 
similar to the precursor IPN PGA. Biocatalyst with this range of UCST is 
desirable: most of biotransformations are carried out at room temperature 
which is higher than this UCST, thus enabling efficient catalysis with 
dissolved catalyst; and the catalyst can be separated as precipitates at 4°C 
which is lower than the UCST. As shown in Figure 19d, the mixture of IPN-
Cellu and IPN-Cello formed a homogenous solution in citric acid buffer at 
25°C, precipitated at 4°C, and were easily separated by centrifugation. 
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loading              
efficiency [%] 




activity [U/g              
catalyst] 
Retained free 




      12.5     0.47 - IPN-Cellu
c
 120 13 37.9 100 100      5.54
d
 90 
  1113 42.2 - IPN-Cellu
e
 120 13 37.9 100 100      5.54
d
 90 
      12.5 -        0.55 IPN-Cello
f
 120 14 35.1   80 100 22.6
g
 78 
    950 -      41.8 IPN-Cello
h





Based on TEM measurement.  
b 
Compared with free enzymes. 
c 
Immobilization was carried out in 1 mL 50 mM citric acid buffer (pH 4.8) at 25
o
C for 4 h. 
d 
Activity was determined by hydrolysis of CMC (1%, w/v) with IPN-Cellu (5.3 mg catalyst/mL containing 0.20 mg cellulase/mL) in 50 mM citric acid 
buffer (pH 4.8) at 50
ο
C and 250 rpm for 30 min. 
e 
Immobilization was carried out in 89 mL 50 mM citric acid buffer (pH 4.8) at 25
o
C for 5 h. 
f  
Immobilization was carried out in 1 mL 50 mM citric acid buffer (pH 4.8) at 25
o
C for 24 h. 
g 
Activity was determined by hydrolysis of 7.5 mM cellobiose 
with IPN-Cello (7.1 mg catalyst/mL containing 0.25 mg cellobiase/mL) in 50 mM citric acid buffer (pH 4.8) at 50
ο
C and 250 rpm for 30 min. 
h 
Immobilization was carried out in 76 mL 50 mM citric acid buffer (pH 4.8) at 25
o





The UCST-nanobiocatalyst IPN-Cellu was examined for the hydrolysis of 
carboxymethylcellullose (CMC) or filter paper as soluble biocatalyst at 50°C 
(>UCST), the optimum temperature for this reaction. IPN-Cellu showed a 
specific activity of 5.54 U/g catalyst (146 U/g protein) and retained 90% of the 
free cellulase activity (162 U/g protein) for the hydrolysis of CMC. The 
retained activity is higher than any other reported immobilized cellulase for 
the hydrolysis of CMC (for comparison: Table 8).
145-150,152
  
IPN-Cellu gave a specific activity of 26.7 U/g catalyst (708 U/g protein) and 
retained 86% of the free cellulase activity (828 U/g protein) for the hydrolysis 
of filter paper, an insoluble substrate. This is also an excellent result and much 
better than the reported ones with immobilized cellulase.
155
 Immobilized 
enzymes made by covalent binding of enzyme on solid carries usually give 
lower specific enzyme activity than free enzyme, due to the possible 
deactivation of enzyme during immobilization and mass transfer limitation of 
the insoluble catalysts during biotransformation. For the hydrolysis of 
insoluble cellulose in aqueous phase, even the immobilized cellulase attached 
to MNPs showed much lower activity than the free cellulase,
152-154
 probably 
also due to mass transfer limitation towards the insoluble substrate. 
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Table 8. Hydrolysis of carboxymethylcellulose (CMC) with reported recyclable immobilized cellulases. 
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 0.14 50 5 87
 
52 8 
4 Chitosan  (with glutaraldehyde 
as cross-linker) 




20 25 3 66 
 
60 6 
5 Chitosan-L-glutamic acid (with 
glutaraldehyde as cross-linker) 










 The activity of the immobilized enzyme related to the activity of the free enzyme. 
b
 Same reaction conditions (time, temperature, enzyme loading, etc) were used in each 
cycle of the recycling experiment. 
c
 PS-DVB-g-PS: Polystyrene-Divinylbenzene-graft-polystyrene. 
d





IPN-Cello gave a specific activity of 22.6 U/g catalyst (643 U/g protein) for 
the hydrolysis of cellobiose at 50°C as soluble biocatalyst, retaining 78% of 
the free cellobiase activity (824 U/g protein). This result is also much better 
than any reported immobilized cellobiase.
172-174
 The enzyme immobilization 
procedure was successfully scaled up to 89 mL and 76 mL to produce 1.16 
Grams IPN-Cellu and 983 mg IPN-Cello, respectively. The biocatalysts 
showed the similar high enzyme loading, loading efficiency, and yield as those 
obtained in small scale immobilization (Table 7). 
3.3.3 Hydrolysis of cellulose with UCST-nanobiocatalyst IPN-Cellu and 
recycling of the catalyst 
Figure 20. a) Time courses for the hydrolysis of CMC (2.5 mg/mL) with IPN-
Cellu and free cellulase (enzyme concentration: 25 µg/mL), respectively; b) Time 
courses for the hydrolysis of filter paper (2.5 mg/mL) and pre-treated EFB (2.5 
mg/mL) with IPN-Cellu (enzyme concentration: 25 and 50 µg/mL; enzyme to 
substrate: 1 and 2 wt%), respectively. c) Recycling of IPN-Cellu (25 µg cellulase/ 
mL) in the hydrolysis of CMC (2.5 mg/mL) (24 h in each cycle); d) Recycling of 
IPN-Cellu (50 µg cellulase/mL) in the hydrolysis of pre-treated EFB (2.5 mg/mL) 
(24 h in each cycle). Data are the mean values with standard deviations of 3 
replicates for c) and 2 replicates for d), respectively. 
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The time course of hydrolysing CMC (2.5 mg/mL) with IPN-Cellu (1 wt% 
cellulase loading refer to substrate) at 50°C was compared with that using free 
enzyme (Figure 20a). IPN-Cellu showed 90% of the free cellulase productivity 
at 12 h and reached full productivity of the free enzymes at 24 h. These results 
confirmed the high catalytic performance of the soluble immobilized enzyme 
and the enhancement of the operational stability via enzyme immobilization. 
Hydrolysis for 36 h gave 56% glucose yield. Further analysis showed 36% 
other sugars (cellobiose) remained in the reaction mixture with either 
immobilized or free cellulase (Table 9). This was caused by the insufficient 
amount of cellobiase in the cellulase enzyme fraction used in this study. 
Table 9. Hydrolysis of CMC (2.5 mg/mL) at 50 ºC with IPN-Cellu and free 
cellulase (enzyme concentration: 25 µg/mL), respectively. 
Time                   
(h) 













0 0 0 0 0 0 0 
6 1.29 0.78 32.4 1.13 0.68 28.2 
12 1.63 0.99 40.9 1.46 0.89 36.7 
24 2.00 1.21 50.0 2.04 1.24 51.1 
30 2.19 1.32 54.7 2.22 1.34 55.6 
36 2.22 1.34 55.6 2.22 1.34 55.6 
 
Hydrolysis of filter paper (2.5 mg/mL), an insoluble substrate, with IPN-Cellu 
(1-4 wt% cellulase loading) was then investigated. At 1 wt% cellulase loading, 
42% glucose yield was achieved at 36 h, which is lower than the yield for the 
hydrolysis of the soluble substrate CMC at the same enzyme loading. As 
shown in Figure 20b and Figure 21, increase of the cellulase loading to 2 wt% 
increased the glucose yield at each time point and gave 52% yield at 36 h. 
Further increase of the cellulase loading did not show significant improvement 
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(Figure 21, Table 10). The catalytic performances were further explored with 
increased filter paper concentration (10 mg/mL) at 2 wt% enzyme loading, 
which gave the same results and produced glucose in 52% yield at 36 h. 
 
Figure 21. Time courses for the hydrolysis of : a) filter paper (2.5 mg/mL);                            
b) pre-treated EFB (2.5 mg/mL) with UCST-nanobiocatalyst IPN-Cellu                         
at different cellulase loading and 50 ºC. 
Oil palm Empty Fruit Bunch (EFB) is a waste, abundant, and low-cost product 
in South East Asia. To examine the suitability of IPN-Cellu for the hydrolysis 
of real biomass, EFB was pre-treated with 5% NaOH aqueous solution to give 
the pre-treated EFB containing 40% glucan and 23% xylan. Hydrolysis of pre-
treated EFB (2.5 mg/mL) with IPN-Cellu was carried out at 1-4 wt% cellulase 
loading. As expected, the hydrolysis is more difficult than the hydrolysis of 
filter paper (Table 10). At 1 wt% cellulase loading, 31% glucose yield was 
achieved at 36 h.  Increasing enzyme loading to 2 wt% improved the glucose 
yield to 46% at 36 h (Figure 20b). Further increase of the cellulase loading did 
not show significant improvement (Figure 21, Table 10). Hydrolysis of pre-
treated EFB was also examined at higher substrate concentration (10 mg/mL) 
with 2 wt% cellulase loading, affording 46% glucose yield at 36 h. The 1-2 wt% 
enzyme loading (10-20 mg cellulase/g cellulose) used here is similar to or the 
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same as the enzyme loading requested in the standard protocol
175
 or industrial 
process (20 mg enzyme/g cellulose).
144
 
Table 10. Hydrolysis of filter paper (2.5 mg/mL) and pre-treated EFB (2.5 
mg/mL) at 50 ºC with IPN-Cellu (enzyme concentration: 25 and 50 µg/mL; 
enzyme to substrate: 1 and 2 wt%), respectively. 
Time                    
(h) 
Cellulase 
loading                   
(%) 









0 1 0 0 0 0 
12 1 0.71 27.3 0.20 18.0 
24 1 0.96 36.7 0.24 22.0 
36 1 1.10 42.1 0.34 30.5 
0 2 0 0 0 0 
12 2 1.01 38.7 0.32 28.6 
24 2 1.16 44.5 0.42 38.1 
36 2 1.36 52.0 0.51 46.0 
 
The easy separation of UCST-nanobiocatalysts at a temperature of <UCST as 
insoluble biocatalysts and the reuse of the catalysts were demonstrated in the 
hydrolysis of CMC and pre-treated EFB (2.5 mg/mL) with IPN-Cellu at 1-2 
wt% cellulase loading, respectively. In each cycle, the reaction was carried out 
at 50°C for 24 h, followed by the removal of any insoluble materials such as 
the unreacted substrate via centrifugation at room temperature. The 
supernatant was cooled to 4°C to precipitate the catalysts, and the catalysts 
were easily and fully recovered via centrifugation at 4°C. After washing, they 
were added to a new batch of reaction mixture to start the next cycle of 
biotransformation under the same reaction condition. No free enzymes were 
detected in the supernatant after separation in each reaction cycle, thus 
demonstrating the stable attachment of enzyme on the nanocarrier. As shown 
in Figure 20c-d, IPN-Cellu remained 72% and 70% of its original productivity 
in the 10
th
 cycle with cumulative reaction time of 240 h for the hydrolysis of 
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CMC and pre-treated EFB, respectively. The separation of UCST-
nanobiocatalysts is easy, completed, and economical, having advantages over 
the separation of magnetic nanobiocatalyst under external magnetic field. The 
use of UCST-nanobiocatalysts allows also for the easy separation of the 
insoluble unreacted materials from the biocatalysts and glucose, which is 
difficult with the use of other types of immobilized enzymes. 
3.3.4 Hydrolysis of cellulose with a mixture of UCST-nanobiocatalysts 
IPN-Cellu and IPN-Cello and recycling of the catalysts 
To further increase glucose yield for the hydrolysis of cellulose, additional 




Figure 22. a-b) Time courses for the hydrolysis of cellulose to glucose with the 
mixture of IPN-Cellu & IPN-Cello and the mixture of free cellulase & cellobiase, 
respectively; enzyme concentration: 0.20 mg cellulase/mL & 0.40 mg cellobiase/ 
mL. a) hydrolysis of filter paper (10 mg/mL); b) hydrolysis of pre-treated EFB 
(10 mg/mL). c-d) Recycling of the mixture of IPN-Cellu & IPN-Cello in the 
hydrolysis of cellulose (36 h reaction in each cycle). c) hydrolysis of filter paper 
(10 mg/mL); d) hydrolysis of pre-treated EFB (10 mg/mL). Data are the mean 
values with standard deviations of 2 replicates. 
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Hydrolysis of filter paper (10 mg/mL) with the mixture of IPN-Cellu and IPN-
Cello (0.20 mg cellulase/mL and 0.40 mg cellobiase/mL) was carried out at 
50°C. The enzyme loading and ratio may not be the optimum here, and less 
cellobiase may be used for more economical process (for results with other 
enzyme loading: see Table 11).  
Table 11. Hydrolysis of filter paper (10 mg/mL) to glucose (50 ºC) with the 
mixture of IPN-Cellu & IPN-Cello at different enzyme loading and reaction time. 
IPN-Cellu                                   
(mg cellulase/mL) 
IPN-Cello                                   
(mg cellobiase/mL) 
Time                        
(h) 
Glucose yield                  
(%) 
0.4 0.8 24 57 
0.2 0.4 24 54 
0.1 0.2 24 43 
0.2 0.4 48 94 
0.2 0.1 48 73 
 
As shown in Figure 21a, the addition of cellobiase-nanobiocatalyst in the 
catalytic system significantly increased the glucose yield. Hydrolysis at 36 h, 
48 h, and 72 h gave glucose in 81%, 94%, and 97% yield, respectively (Table 
12). This result is much better than other reported ones with immobilized 
enzymes for the same hydrolysis.
155 
Moreover, the nanobiocatalyst mixture 
showed 71% of the free enzymes productivity at 12 h and reached full 




Table 12. Hydrolysis of filter paper (10 mg/mL) to glucose at 50 ºC with the 
mixture of IPN-Cellu & IPN-Cello and the mixture of free cellulase & cellobiase 
(enzyme concentration: 0.20 mg cellulase/mL & 0.40 mg cellobiase/mL), 
respectively. 
Time                        
(h) 
Free cellulase & free cellobiase IPN-Cellu & IPN-Cello 
Glucose                         
(mg/mL) 
Glucose yield                    
(%) 
Glucose        
(mg/mL) 
Glucose yield   
(%) 
0 0 0 0 0 
12 4.18 40.0 2.98 28.5 
24 6.95 66.6 5.68 54.4 
36 8.62 82.5 8.42 80.6 
48 9.74 93.2 9.87 94.2 
72 10.1 96.2 10.1 97.1 
 
The experiment was also scaled up to 25 mL, giving nearly the same result 
and producing glucose in 95% yield at 72 h. 
Hydrolysis of pre-treated EFB (10 mg/mL), a real substrate from biomass, was 
also examined with a mixture of IPN-Cellu (0.20 mg cellulase/mL) and IPN-
Cello (0.40 mg cellobiase/mL). Glucose was produced in 67% yield at 36 h, 
86% yield at 48 h, and 93% yield at 72 h, respectively (Table 13). This 
represents by far the highest glucose yield among immobilized enzymes-
catalyzed hydrolysis of cellulose from lignocellulosic feedstock.
156-158
  
Table 13. Hydrolysis of pre-treated EFB (10 mg/mL) to glucose at 50 ºC with the 
mixture of IPN-Cellu & IPN-Cello and the mixture of free cellulase & cellobiase 
(enzyme concentration: 0.20 mg cellulase/mL & 0.40 mg cellobiase/mL), 
respectively. 
Time                  
(h) 
Free cellulase & free cellobiase IPN-Cellu & IPN-Cello 
Glucose               
(mg/mL) 
Glucose yield                
(%) 
Glucose   
(mg/mL) 
Glucose yield  
(%) 
0 0 0 0 0 
12 1.68 37.8 1.08 24.2 
24 2.59 58.2 1.80 40.4 
36 3.24 73.0 2.96 66.5 
48 3.70 83.1 3.83 86.2 
72 4.04 90.8 4.13 92.8 
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As shown in Figure 21b, the nanobiocatalyst mixture showed 64% of the free 
enzymes productivity at 12 h. This relatively lower retaining of the free 
enzyme activity might be due to the difficult access of the nanobiocatalyst 
(120 nm) to the pores of lignocellulosic substrate. Thus, the enzymatic 
hydrolysis may happen mainly outside of the pores. Nevertheless, the UCST-
immobilized enzymes gave even higher productivity after 48 h than the free 
enzymes due to the enhanced operational stability. Further studies showed that 
the nanobiocatalyst gave also better storage stability than free enzyme (Table 
14). 
Table 14. Retained activity of IPN-Cellu and free cellulase after storage. 
Storage condition Retained activity 
of nanobiocatalyst 
Retained activity 
of free enzyme 
Temperature Time   
4°C 3 days 95% 85% 
4°C 2 weeks 95% 84% 
25°C 3 days 93% 82% 
 
The easy separation and reuse of UCST-nanobiocatalysts were also 
demonstrated in the hydrolysis of filter paper and pre-treated EFB (10 mg/mL), 
respectively, with the mixture of IPN-Cellu (0.2 mg cellulase/mL) and IPN-
Cello (0.4 mg cellobiase/mL). In each cycle, the reaction was carried out at 
50°C for 36 h, followed by the removal of any insoluble materials by 
centrifugation at room temperature. The catalysts were separated by 
centrifugation at 4°C and used for the next cycle of biotransformation. Here 
again, no free enzymes were detected in the supernatant after separation in 
each cycle, demonstrating the stable attachment of enzyme on the nano-carrier. 
The temperature-responsive nanobiocatalyst mixtures remained 71% of its 
original productivity in the 8
th
 cycle (cumulative reaction time of 288 h) for 
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the hydrolysis of filter paper (Figure 21c). Similarly, the nanobiocatalysts 
retained 73% of its original productivity in the 6
th
 cycle (cumulative reaction 
time of 216 h) for the hydrolysis of pre-treated EFB (Figure 21d). The UCST-
nanobiocatalysts showed much better recyclability than any other reported 
immobilized cellulases.
145-158
 The recyclability of immobilized enzymes 
depends strongly on the reaction time for each cycle and the enzymes used. 
Considering 36 h reaction time for each cycle and the use of a mixture of 
multiple enzymes, the recycling performances of the UCST-nanobiocatalysts 
are very good. 
3.4 Conclusions 
A novel concept of engineering temperature-responsive nanobiocatalyst with 
an upper critical solution temperature (UCST) for high performance 
biocatalysis and easy catalyst separation and recycling was developed. The 
nanocarrier allows for high specific enzyme loading, the catalyst is soluble at a 
temperature of >UCST to enable efficient catalysis, and it becomes insoluble 
at a temperature of <UCST to give simple separation. The first functionalized 
polymeric nanoparticles exhibiting an UCST were fabricated in high yield. 
Immobilization of cellulase onto the particles afforded the first temperature-
responsive biocatalyst showing an UCST, with high specific enzyme loading 
and enzyme loading efficiency, an UCST of 13°C, and 90% of the initial free 
enzyme activity for the hydrolysis of carboxymethylcellullose at 50°C. The 
procedure for particle synthesis and enzyme immobilization is simple and 
scalable, and it was also successfully used for the fabrication of 
nanobiocatalyst attaching cellobiase with an UCST of 14°C. Hydrolysis of 
114 
 
filter paper, an insoluble cellulose substrate, with the mixture of the UCST-
nanobiocatalysts containing cellulase and cellobiase showed good operational 
stability at 50°C, reached the same catalytic performance as the free enzyme, 
and gave 97% glucose yield at 2 wt% of cellulase loading. This catalytic 
performance is much better than any other known immobilized cellulase, due 
to the use of immobilized enzyme in soluble form for biocatalysis. The 
catalysts were easily recovered at 4°C and demonstrated good recyclability 
with the retaining of 71% productivity in the 8
th
 reaction cycle. The catalysts 
are also capable of hydrolysing insoluble cellulose from real biomass, such as 
the pre-treated oil palm Empty Fruit Bunch, to give 93% glucose yield at                       
2 wt% of cellulase loading and 50°C. This represents by far the best 
performance among immobilized enzymes reported for the hydrolysis of 
cellulose from lignocellulosic feedstock. The catalysts were easily separated at 
4°C and recycled, with the retaining of 73% productivity in the 6
th
 reaction 
cycle. The nanobiocatalysts showed much better recyclability than any other 
reported immobilized cellulases. The engineered UCST-nanobiocatalysts are 
potentially useful for the key and challenging cellulose hydrolysis reaction in 
the conversion of lignocellulosic biomass to fuels and chemicals. We are 
currently working on the development of the bioprocess for the hydrolysis of 
cellulose and the application of the novel concept of fabricating UCST-
biocatalyst in other types of enzymatic reactions to achieve high performance 










CHAPTER 4: EFFICIENT CONVERSION OF THE 
CELLULOSE COMPONENT OF LIGNOCELLULOSE TO 
GLUCOSE VIA ONE-POT SEQUENTIAL 
PRETREATMENT WITH IONIC LIQUID AND 
HYDROLYSIS WITH RECYCLABLE TEMPERATURE-







Lignocellulose is an abundant biomass consisting of lignin, cellulose, and 
hemicellulose. It is a very promising feedstock for the production of bio-based 
chemicals and fuels. Despite many achievements, the economical conversion 
of cellulose from lignocellulose into glucose is still a bottleneck for industrial 
production of many lignocellulose-based chemicals and fuels. Enzymatic 
hydrolysis of cellulose to glucose is the method of choice,
35,141
 however, it 
requires the pretreatment of lignocellulose to reduce biomass recalcitrance for 
the enzymatic hydrolysis.
176
 Various methods have been developed for the 











  and biological degradation.
181
 Each of 
these methods has some advantages and disadvantages.
39,47
 On the other hand, 
all the reported pretreatment of lignocellulose and the enzymatic hydrolysis of 
cellulose are performed separately in different batches. This requires the 
cumbersome and costly isolation of the pretreated lignocellulose for the 
second-step enzymatic hydrolysis.  
Recently, Ionic liquid (IL) was reported as a green and emerging solvent for 
the pretreatment of lignocellulose.
50,52,53
 IL could dissolve cellulose, reduce 
the crystallinity of cellulose, and remove lignin.
50,52,53
 In comparison with 
other pretreatment methods, the use of IL does not require very high 
temperature, high pressure, specialized equipment, or high-energy inputs.
182
 
Nevertheless, in the current two-batches processes, the biomass after the 
pretreatment with IL needs to be regenerated by addition of anti-solvent (water, 
ethanol, acetone, etc). The process requires also the extensive washing of the 
biomass to remove IL
52
 and drying of the biomass prior to enzymatic 
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hydrolysis, utilizes large amount of water, and generates large amount of 
waste.  
We are interested in developing the first one-pot process to convert 
lignocellulose into glucose by the pretreatment with IL and subsequent 
enzymatic hydrolysis, without the separation of the pretreated lignocellulose. 
The main difficulty in such a one-pot process is to achieve efficient enzymatic 
hydrolysis of cellulose in the presence of IL.
183-187
 It is known that IL may 
inhibit the enzymatic saccharification.
183,187
 To avoid inhibition, suitable 
biocatalyst and IL need to be carefully selected. Immobilized enzyme could be 
a good choice to enhance the enzyme stability in IL. On the other hand, the 
high cost of enzyme is a significant problem in the lignocellulose 
hydrolysis.
142-144
 The use of immobilized enzyme could reduce the enzyme 
cost via recycling.
15,17,21,22
 However, the reported immobilized cellulases often 
do not give high activity and recyclability for the hydrolysis of cellulose to 
glucose, including the immobilized cellulases on magnetic nanoparticles 
(MNPs)
152
 despite the general advantages such as higher specific enzyme 
loading and less mass transfer limitation of using nanoparticles as carriers.
20-
22,188,189
 All reported immobilized cellulases could not reach high activity and 
recyclability for the hydrolysis of IL-pretreated cellulose to glucose.
151,190,191
 
Recently, we developed a novel nano-sized temperature-responsive 
immobilized cellulase for the hydrolysis of cellulose with high activity, 
stability, and recyclability.
192
 The immobilized enzyme is soluble at higher 
temperature (50°C) and insoluble at lower temperature (4°C), thus enable high 
performance catalysis at 50°C and easy catalyst separation at 4°C. This 
biocatalyst might perform well in the presence of the selected IL for the 
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hydrolysis of cellulose. Here, we report the first one-pot conversion of 
lignocellulose into glucose by pretreatment of oil palm empty fruit bunch 
(EFB) with the ionic liquid [EmIm][Ac] and subsequent hydrolysis of the 
pretreated EFB with nano-sized temperature-responsive immobilized cellulase 
in the presence of [EmIm][Ac], to achieve high glucose yield, high 
recyclability of the biocatalyst, and high reusability of [EmIm][Ac]. 
4.2 Experimental design 
4.2.1 Chemicals, Enzymes, and Materials 
Acrylic acid (C3H4O2, 99%), acrylamide (C3H5NO, 99%), glycidyl 
methacrylate (C7H10O3, 97%), ammonium persulfate [(NH4)2S2O8, ≥98%], 1-
octanol (C8H18O, ≥99%), citric acid anhydrous (C6H8O7, 99%), naphthalene-2-
boronic acid (C10H7B(OH)2, ≥95%), sulfuric acid (H2SO4, 95-98%), 
hydrochloric acid (HCl, 37%), D-cellobiose (C12H22O11, ≥99%), D-xylose 
(C5H10O5, ≥99%), D-glucose (C6H12O6, ≥99.5%), Whatman No. 1 filter paper, 
Bradford reagent, and Aliquat
®
 336 were purchased from Sigma-Aldrich. 
Sodium hydroxide (NaOH, 99%), and n-hexane (C6H14, ≥98%, HPLC) were 
obtained from Merck. 1-Butyl-3-methylimidazolium chloride ([BmIm][Cl], 
≥98%), 1-ethyl-3-methylimidazolium acetate ([EmIm][Ac], >95%), 1-allyl-3-
methylimidazolium chloride ([AmIm][Cl], >98%), methyltrioctylammonium 
bis(trifluoromethylsulfonyl) imide ([N8881][Tf2N], 99%), 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([BmIm][Tf2N], 99%), 
1-butyl-3-methylimidazolium tetrafluoroborate ([BmIm][BF4], 99%), 1-butyl-
3-methylimidazolium hexafluorophosphate ([BmIm][PF6], 99%), trihexyl 
tetradecylphosphonium bis(trifluoromethylsulfonyl) imide ([P66614][Tf2N], 
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99%), 1-butyl-3-methylimidazolium triflate ([BmIm][CF3SO3], 99%), and 1-
butyl-3-methylimidazolium hydrogen sulfate ([BmIm][HSO4], 99%) were 
bought from Ionic Liquid Technologies GmbH, Germany. Glucose assay kit 
was purchased from Invitrogen, USA and D-xylose assay kit was obtained 
from Megazyme International Ireland. Oil palm EFB from Malaysia (moisture 
content 7%, w/w) was sun-dried, grinded to 1 mm particles and oven-dryed at 
80°C overnight.
162
 The compositions of oil palm EFB were analyzed as 
34.3% of glucan and 21.8% of xylan. 
Cellulase from Trichoderma reesei (37 mg protein/mL in aqueous solution; 
consisting of cellobiohydrolase, endoglucanase, and cellobiase; specific 
activity of ≥ 700 U/g protein for the hydrolysis of carboxymethylcellulose) 
and Cellobiase from Aspergillus niger (47 mg protein/mL in aqueous solution;  
specific activity of ≥250 U/g protein for the hydrolysis of cellobiose; 1 U = 2 
μmole glucose produced per minute) were bought from Sigma-Aldrich. 
4.2.2 Analytic methods 
UV absorption was determined by using UV-Vis instrument Hitachi U-1900. 
Glucose concentration was analyzed by using glucose assay kit. Glucose 
concentration was also analyzed by using an Agilent 1200 Series High 
Performance Liquid Chromatography (HPLC) with an Aminex HPX-87H 
column (Biorad Laboratories Inc., USA) at 60°C and a refractive index  
detector at 55°C. 4 mM H2SO4 was used as an eluent at a flow rate of 0.6 
mL/min with 9.0 min as retention time of glucose. 
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4.2.3 Pretreatment of oil palm EFB with different ionic liquids (ILs) 
Oil palm EFB (10 mg) was mixed with an IL (0.20 g) from [BmIm][Cl], 
[EmIm][Ac], [AmIm][Cl], [N8881][Tf2N], [BmIm][Tf2N], [BmIm][BF4], 
[BmIm][PF6], [P66614][Tf2N], [BmIm][CF3SO3], and [BmIm][HSO4] in 
multiple 2 mL vials, respectively. The mixtures were shaken at 500 rpm at 
different reaction temperature (50°C, 110°C, 130°C) for different reaction 
time (4 h, 24 h, 48 h). Afterwards, the solubility of oil palm EFB in the 
different ILs was checked.  
4.2.4. Preparation of UCST-nanobiocatalyst IPN-Cellu by the 
immobilization of cellulase on IPN-PGA on a gram scale 
UCST-IPN PGA was synthesized as described previously.
192
 100 mL citric 
acid buffer (50 mM, pH 4.8) containing 1.250 g UCST-nanoparticles IPN 
PGA and 47.4 mg cellulase (from T. reesei) were stirred at 25°C and 250 rpm 
in a 250 mL round-bottom flask for 6 h. IPN-Cellu was separated by 
centrifugation at 6000 g and 4°C for 5 min. The enzyme concentration in 
supernatant was detected by Bradford reagent. 1297 mg IPN-Cellu was 
obtained with cellulase loading of 37.9 mg/g support and 100% enzyme 
immobilization efficiency. The particles were re-suspended into 20 mL citric 
acid buffer to a concentration of 65 mg/mL for further use.  
4.2.5 Preparation of UCST-nanobiocatalyst IPN-Cello by the 
immobilization of cellobiase on IPN-PGA on a gram scale 
220 mL citric acid buffer (50 mM, pH 4.8) containing 2750 mg UCST-
nanoparticles IPN PGA and 156 mg cellobiase (from A. niger) in a 500 mL 
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round-bottom flask were shaken at 25
o
C and 250 rpm for 36 h. IPN-Cello was 
separated by centrifugation at 6000 g and 4°C for 5 min. The enzyme 
concentration in supernatant was detected by Bradford reagent. IPN-Cello was 
obtained in 2847 mg with cellobiase loading of 35.1 mg/g support. The 
enzyme immobilization efficiency was 62%. This particle was re-suspended 
into 40 mL citric acid buffer to a concentration of 71 mg/mL for further use. 
4.2.6 Hydrolysis of filter paper with UCST-nanobiocatalyst IPN-Cellu or 
free cellulase in the mixture of [EmIm][Ac] and aqueous buffer 
5.3 mg IPN-Cellu (containing 0.2 mg cellulase) or 0.2 mg free cellulase and 
50 mg filter paper were added in 1.5 mL mixture of ionic liquid and citric 
acid buffer (50 mM, pH 4.8) (30% [EmIm][Ac]) in a 10 mL flask and the 
mixture was shaken at 250 rpm and 50
o
C for 60 min. The reaction was 
stopped by heating at 95°C for 5 min. IPN-Cellu was separated by reducing 
the temperature to 4
o
C, followed by centrifugation at 6000 g for 5 min. In the 
case of using free enzymes, the mixture was centrifuged at 13500 g and room 
temperature for 5 min to remove the denatured enzyme. The supernatant was 
used for the determination of glucose concentration by using glucose assay kit. 
The specific activities of IPN-Cellu and free cellulase were then calculated. 
4.2.7 Hydrolysis of cellobiose with UCST-nanobiocatalyst IPN-Cello and 
free cellobiase in the mixture of [EmIm][Ac] and aqueous buffer 
7.1 mg IPN-Cello (0.25 mg cellobiase) or 0.25 mg free cellobiase in 1 mL of 
the mixture of ionic liquid and citric acid buffer (50 mM, pH 4.8) (10% 
[EmIm][Ac]) were mixed with 1 mL 15 mM cellobiose (5.2 mg/mL) in a 10 
mL flask. Reaction was carried out at 50°C and 250 rpm for 30 min and 
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terminated by heating at 95°C for 5 min. IPN-Cellu was separated by reducing 
the temperature to 4
o
C, followed by centrifugation at 6000 g for 5 min. In the 
case of using free enzyme, the mixture was centrifuged at 13500 g and room 
temperature for 5 min to remove the denatured enzyme. The supernatant was 
used for the determination of glucose by using glucose assay kit. The specific 
activities of IPN-Cello and free cellobiase were then calculated. 
4.2.8 General procedure for one-pot sequential pretreatment with ionic 
liquid and enzymatic hydrolysis of oil palm EFB to glucose 
Oil palm EFB (20 mg) and [EmIm][Ac] (0.20 g) were mixed a 10 mL flask 
and shaken at 500 rpm and 130
o
C for 4 h. After cooling down to room 
temperature, IPN-Cellu (10.6 mg; containing 0.40 mg cellulase) and IPN-
Cello (22.8 mg; containing 0.80 mg cellobiase) in citric acid buffer (50 mM, 
pH of 4.8; 1.8 mL) were added to the mixtures. Reaction was carried at 250 
rpm and 50
o
C for 24 h. The reaction was stopped by heating at 95°C for 5 
min, and the mixtures were centrifuged at 21500 g and room temperature for 
10 min to remove any insoluble materials. The UCST-nanobiocatalysts IPN-
Cellu and IPN-Cello were then separated by centrifugation at 6000 g and 4
o
C 
for 5 min. The supernatant was used for the determination of glucose 
concentration by using glucose assay kit.  
To extract glucose from [EmIm][Ac], the pH of the reaction mixture was 
adjusted to 12 and then mixed with equal volume of a solution of 150 mM 
Aliquat
®
 336 and 70 mM naphthalene-2-boronic acid in n-hexane/1-octanol 
(85/15, v/v). After heating at 70°C and 1000 rpm for 2 h, the mixture was 
centrifuged at room temperature and 21500 g for 5 min. The organic phase 
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containing glucose was separated and then mixed with equal volume of 0.5 N 
hydrochloric acid. The mixtures were heated at 70°C and 1000 rpm for 2 h to 
enable the back-extraction of glucose. After centrifugation at room 
temperature and 21500 g for 5 min, the aqueous solution of glucose was 
collected. The glucose concentration was determined by using glucose assay 
kit and confirmed by HPLC analysis. The glucose extraction efficiency in the 
whole process was 90%.  
4.2.9 Recycling of UCST-nanobiocatalysts IPN-Cellu and IPN-Cello in the 
one-pot sequential pretreatment with ionic liquid and enzymatic 
hydrolysis of oil palm EFB to glucose 
One-pot pretreatment of oil palm EFB (20 mg) with [EmIm][Ac] (0.20 g) and 
subsequent hydrolysis with IPN-Cellu (10.6 mg; containing 0.40 mg cellulase) 
and IPN-Cello (22.8 mg; containing 0.80 mg cellobiase) were performed 
under the same conditions as described before. The UCST-nanobiocatalysts 
IPN-Cellu and IPN-Cello were separated from the reaction mixture by 
centrifugation at 6000 g and 4°C for 5 min. The biocatalysts were then washed 
with citric acid buffer (pH 3, 50 mM) at room temperature and separated by 
centrifugation at 4°C and 6000 g for 5 min. The washing process was repeated 
for another two times, and no protein leakage in each washing cycle was 
detected by using Bradford assay. The recovered UCST-nanobiocatalysts IPN-
Cellu and IPN-Cello were used for the new cycle of enzymatic hydrolysis of 
the pre-treated oil palm EFB to glucose under the same reaction conditions. For 
each cycle, the glucose concentration of the reaction mixture was determined by 
using glucose assay kit, and the glucose yield was compared with that in the 
first reaction cycle. 
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4.2.10 Recycling of ionic liquid in the one-pot sequential pretreatment with 
ionic liquid and enzymatic hydrolysis of oil palm EFB to glucose 
One-pot pretreatment of oil palm EFB (200 mg) with [EmIm][Ac] (2.0 g) and 
subsequent hydrolysis with IPN-Cellu (106 mg; containing 4.0 mg cellulase) 
and IPN-Cello (228 mg; containing 8.0 mg cellobiase) were performed under 
same reaction conditions as described before. After removing biocatalysts and 
extracting glucose by using the same procedure described above, the aqueous 
phase containing [EmIm][Ac] was collected. The ionic liquid was then 
recovered by using one of the three different methods: a) evaporation using a 
vacuum oven at 70°C for 24 h, b) lyophilization, c) ultrafiltration by passing 
through 0.2 µm syringe filter, 50 kDA Centrifugal Filter Units, and 10 kDa 
Centrifugal Filter Units via centrifugation at 8000 g for 30 min, followed by 
evaporation (70°C). The recovered IL was used for the new cycle of one-pot 
sequential pretreatment with ionic liquid and enzymatic hydrolysis of oil palm 
EFB to glucose under the same reaction conditions. For each cycle, the 
glucose concentration of the reaction mixture was determined by using 
glucose assay kit, and the glucose yield was compared with that in the first 
reaction cycle. 
4.2.11 Recycling of ionic liquid, IPN-Cellu and IPN-Cello in the one-pot 
sequential pretreatment with ionic liquid and enzymatic hydrolysis of oil 
palm EFB to glucose 
One-pot sequential pretreatment of oil palm EFB (200 mg) with [EmIm][Ac] 
(2.0 g) and subsequent hydrolysis with IPN-Cellu (106 mg; containing 4.0 mg 
cellulase) and IPN-Cello (228 mg; containing 8.0 mg cellobiase) were 
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performed under the same conditions as described before. The biocatalysts 
were separated and washed, glucose was extracted, and the ionic liquid was 
recovered by ultrafiltration method. The recovered IL, IPN-Cellu, and IPN-
Cello were used for the new cycle of one-pot sequential pretreatment with 
ionic liquid and enzymatic hydrolysis of oil palm EFB to glucose under the 
same reaction conditions as described before.  
4.3 Results and discussion 
4.3.1 Screening of IL for the pretreatment of oil palm EFB and enzymatic 
hydrolysis of cellulose  
10 ILs were examined for the pretreatment of oil palm EFB (5%, w/w), an 
abundant waste biomass in Southeast Asia. Among 10 ILs, 4 hydrophilic ILs 
([AmIm][Cl], [BmIm][Cl], [EmIm][Ac], [BmIm][HSO4]) successfully 
dissolve oil palm EFB after the pretreatment at 110
ο




Table 15. Pretreatment of oil palm EFB with different ILs 
Entry Ionic liquid Melting 











































































































































Oil palm EFB/IL of 5/95(wt/wt). Oil palm EFB was insoluble at the beginning in all used  
ionic liquid. 
b 
n.a.: not available. The material is liquid at room temperature. 
c
 ins: insoluble. 
d 
s: soluble. 
This is possibly due to the strong interactions via hydrogen bond between each 
of the 4 ILs and cellulose, thus disrupting the intermolecular hydrogen 
bondings of cellulose molecules.
52
 [AmIm][Cl] and [EmIm][Ac] showed 
stronger pretreatment effect and were able to dissolve oil palm EFB after 24 h 
at 50
ο
C. Further examination of enzymatic hydrolysis of cellulose in these two 
ILs suggested [EmIm][Ac] as the suitable IL for the enzymatic hydrolysis. 
[AmIm][Cl] with Cl
-
 as anion showed toxicity to the enzymatic hydrolysis. 
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Furthermore, [EmIm][Ac] is less viscous and less hygroscopic than 
[AmIm][Cl]. Thus, [EmIm][Ac] was chosen as the IL for developing one-pot 
process. Effect of water for the dissolution of cellulose in [EmIm][Ac] was 
then studied. Since the hydrogen bonds in water could bind to anions of ILs, 
increase of water concentration reduced the solubility of cellulose in IL.
52
 
Nevertheless, [EmIm][Ac] with 13.3% water were still able to dissolve 
cellulose after the pretreatment at 50
ο
C for 24 h or at 130
ο
C for 4 h. This 
suggested no need to use very dry oil palm EFB as starting materials, being of 
advantage in the view of practical application. 
4.3.2 Hydrolysis of filter paper or cellobiase with nano-sized temperature-
responsive immobilized cellulase or cellobiase showing an upper critical 
solution temperature (UCST) in a mixture of [EmIm][Ac] and citric acid 
buffer 
The nano-sized temperature-responsive immobilized cellulase IPN-Cellu (37.9 
mg/g support) and immobilized cellobiase IPN-Cello (35.1 mg/g support) with 
an UCST of 13
ο
C were prepared according to our recently published 
method,
192
 and examined for the hydrolysis of filter paper and cellobiose in a 
mixture of [EmIm][Ac] and citric acid buffer, respectively. Their catalytic 




Table 16. Hydrolysis of filter paper or cellobiose with UCST-nanobiocatalyst or free enzyme, respectively, in a mixture of [EmIm][Ac]                                 








concentration                                             







1 Filter paper 33.3 Cellulase
a
 0.13 30/70 56
 b
 0.08 
2 Filter paper 33.3 IPN-Cellu 0.13 30/70 319
 b
 0.46 
3 Filter paper 33.3 Cellulase
a
 0.17 40/60 33
 b
 0.06 
4 Filter paper 33.3 IPN-Cellu 0.17 40/60 255
 b
 0.46 
5 Cellobiose 2.6 Cellulase
a
 0.13 10/90 126 
c 
0.34 
6 Cellobiose 2.6 IPN-Cellu 0.13 10/90 215
 c
 0.58 
7 Cellobiose 2.6 Cellobiase
d
 0.13 10/90 444 
c 
1.20 




Cellulase from T. reesei (consisting of endoglucanase, cellobiohydrolase, and cellobiase).  
b
 Specific activity was determined for 1 h. 
c
 Specific activity was determined for 30 min. 
d




As given in Table 16, cellulase in the mixture of IL/buffer of 30/70 (v/v) gave an 
average activity of 56 U/ g protein within 1 h for the conversion of filter paper to 
glucose. This activity is lower than that in aqueous phase alone. In comparison, IPN-
Cellu gave 5.7-times higher average activity (319 U/g protein), which is possibly due to 
the higher operational stability of IPN-Cellu. Increase of the ratio of IL/buffer from 
30/70 to 40/60 (v/v) decreased 41% and 20% of the specific activity for free cellulase 
and IPN-Cellu, respectively. This suggested better tolerance of IPN-Cellu to IL. In 
IL/buffer at ratio of 10/90 (v/v), IPN-Cello and IPN-Cellu gave 1.6-1.7 times higher 
activity than the corresponding free enzyme. All these results showed that the nano-
sized UCST-temperature-responsive immobilized enzymes are much more productive 
than the free enzymes in the mixture of [EmIm][Ac] and citric acid buffer and gave 
uniquely high catalytic performance in the presence of an IL, in comparison with other 
immobilized cellulase. 
4.3.3 One-pot sequential pretreatment of oil palm EFB with IL and enzymatic 
hydrolysis with UCST-nanosized immobilized enzyme in a mixture of [EmIm][Ac] 
and citric acid buffer 
The one-pot process is shown in Figure 23. Initially, oil palm EFB (10% w/w) is 
pretreated with [EmIm][Ac] at 50-160°C for 4-24 h (Table 17). The biomass was 
dissolved in [EmIm][Ac] with black color, indicating also the extraction of lignin with 
IL. A mixture of IPN-Cellu and IPN-Cello in citric acid buffer was then added at 50-
60°C to form a mixture containing 10% IL. The pre-treated oil palm EFB was then 
enzymatically hydrolyzed to glucose. The use of the mixture of IPN-Cellu and IPN-
130 
 
Cello was to enhance the glucose yield for the hydrolysis of cellulose since IPN-Cellu 
does not contain sufficient amount of cellobiase.  
 
Figure 23. Schematic diagram for one-pot sequential pretreatment of oil palm EFB with 
ionic liquid and hydrolysis with UCST-nanobiocatalysts. 





C) gave higher final yield of glucose. Higher 






Table 17. One-pot sequential pretreatment and enzymatic hydrolysis of oil palm EFB to glucose in a mixture of [EmIm][Ac]                                                       
and citric acid buffer (pH 4.8, 50 mM). 
Entry 
Pretreatment of oil 
palm EFB in IL 
a 



















1 50 24 IPN-Cellu & IPN-Cello 89/11 50 24 0.7 17 
2 50 24 Cellulase & cellobiase 89/11 50 24 0.2 5 
3 60 24 IPN-Cellu & IPN-Cello 89/11 60 24 0.4 11 
4 70 24 IPN-Cellu & IPN-Cello 10/90 50 24 0.8 21 
5 110 4 IPN-Cellu & IPN-Cello 10/90 50 24 1.1 29 
6 110 24 IPN-Cellu & IPN-Cello 10/90 50 24 2.3 61 
7 130 4 IPN-Cellu & IPN-Cello 10/90 50 24 3.1 81 
8 130 24 IPN-Cellu & IPN-Cello 10/90 50 24 3.1 82 
9 150 4 IPN-Cellu & IPN-Cello 10/90 50 24 3 79 
10 160 24 IPN-Cellu & IPN-Cello 10/90 50 24 2.9 78 
11 130 4 IPN-Cellu & IPN-Cello 20/80 50 24 3.1 81 
12 130 4 IPN-Cellu & IPN-Cello 40/60 50 24 3 78 
13 130 4 IPN-Cellu & IPN-Cello 10/90 50 72 3.6 94 
14 130 4 Cellulase & cellobiase 10/90 50 24 2.4 64 
15 130 4 Cellulase & cellobiase 10/90 50 72 2.7 70 
a 
Pretreatment was performed with 0.1 g oil palm EFB/g ionic liquid at 500 rpm. 
b 
Hydrolysis of the pre-treated oil palm EFB was carried out in a mixture of ionic liquid and citric acid buffer (pH 4.8, 50 mM) at a designed ratio and 250 rpm. 
c 





C for 4 h and 24 h gave no significant difference in the 
final glucose yield (81% vs 82%) (entry 7-8). Further increasing of the 




C resulted in slightly decreasing 
of the final glucose yield. Thus, the optimal conditions for the pretreatment of 
oil palm EFB with [EmIm][Ac] are 130
 ο
C and 4 h. For the enzymatic 
hydrolysis in the one-pot process, the immobilized enzymes performed better 
than free enzymes (entry 1-2, 13 and 15), the ratio of IL/buffer of 10/90 (v/v) 
is better than 20/80 and 40/80 (entry 11-13), and 72 h reaction gave higher 
glucose yield than 24 h reaction (entry 8 and 13). One-pot sequential 
pretreatment of oil palm EFB (10% w/w) with IL at 130
 ο
C for 4 h and 
hydrolysis with IPN-Cellu and IPN-Cello in IL/buffer (10/90) at 50
 ο
C for 72 h 
gave glucose in 94% yield.  
 
Figure 24. Time courses for enzymatic hydrolysis of pre-treated oil palm EFB 
(10% w/w in [EmIm][Ac] at 130°C for 4 h) in [EmIm][Ac] and citric acid buffer 
(pH 4.8, 50 mM) of 10/90 (v/v) at 50°C with the mixture of IPN-Cellu & IPN-
Cello and the mixture of free cellulase & free cellobiase (enzyme concentration: 
0.20 mg cellulase/mL & 0.40 mg cellobiase/mL), respectively. Data are the mean 
values with standard deviations of 2 replicates. 
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The time course of the hydrolysis step in the one-pot process was shown in 
Figure 24. Hydrolysis of pre-treated oil palm EFB (10% w/w) with a mixture 
of IPN-Cellu (0.20 mg protein/mL) and IPN-Cello (0.40 mg protein/mL) in 
IL/buffer (10/90, v/v) gave the same glucose yield at 12 h as the free enzymes. 
However, the immobilized enzyme demonstrated enhanced operational 
stability and gave much higher glucose yield at 24 h, 36 h, 48 h, and 72 h, 
respectively. These results are also better than the reported hydrolysis of IL-
pretreated cellulose with other immobilized cellulase.
151,190,191
 
4.3.4 Separation of glucose, UCST-nanosized immobilized enzyme, and IL 
from one-pot conversion of oil palm EFB to glucose 
To separate the UCST-nanobiocatalyst, the reaction temperature was reduced 
to 4°C to make IPN-Cellu and IPN-Cello insoluble, and simple centrifugation 
separated the catalyst from reaction medium. The remaining mixture consists 
of glucose in [EmIm][Ac] and citric acid buffer. 2-napthtylboronic acid in                       
n-hexane/1-octanol mixture was added to extract glucose into organic phase 
by forming boronic acid-glucose (Figure 25).  
 
Figure 25. Extraction of glucose from the mixtures of one-pot pretreatment and 
hydrolysis of oil palm EFB with ionic liquid and nanobiocatalysts.  
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The organic phase was separated and then treated with diluted HCl to back 
extract glucose into aqueous phase.
194
 Glucose solution was then easily 
separated. For the remaining mixture of [EmIm][Ac] and citric acid buffer, 
ultrafiltration and evaporation were used to recover [EmIm][Ac]. 
4.3.5 Recycling of UCST-nanobiocatalysts IPN-Cellu and IPN-Cello for 
one-pot conversion of oil palm EFB to glucose 
Recycling of nanobiocatalysts are examined in the one-pot process for the 
pretreatment of oil palm EFB with [EmIm][Ac] (0.1 g EFB/g IL) at 130
ο
C for 
4 h and the enzymatic hydrolysis at 50
ο
C for 24 h with IPN-Cellu (0.2 mg 
protein/mL) and IPN-Cello (0.4 mg protein/mL) in the mixture of [EmIm][Ac] 
and citric acid buffer (10/90). After each cycle of reaction, the reaction 
mixture was cooled to 4
ο
C, and the catalysts were precipitated and easily 
separated by centrifugation. After washing with citric acid buffer for 3 times, 
the recovered nanobiocatalysts IPN-Cellu and IPN-Cello were added to a new 
batch of IL-pretreated oil palm EFB to start the hydrolysis reaction under the 





Figure 26. Recycling of IPN-Cellu (0.2 mg cellulase/mL) and IPN-Cello (0.4 mg 
cellobiase/mL) for one-pot sequential pretreatment of oil palm EFB in 
[EmIm][Ac] (0.1 g EFB/g [EmIm][Ac], 130°C, 4 h) and enzymatic hydrolysis in 
[EmIm][Ac] and citric acid buffer (pH 4.8, 50 mM) of 10/90 (v/v) (50°C, 24 h). 
Data are the mean values with standard deviations of 2 replicates 
As shown in Figure 26, the mixtures of UCST-nanobiocatalysts demonstrated 
excellent recyclability, retaining 87% of the original productivity in the 5
th
 
cycle of one-pot process of converting oil palm EFB to glucose.  
4.3.6 Recycling of [EmIm][Ac] for one-pot conversion of oil palm EFB to 
glucose 
Recycling of IL to reduce high cost of IL
50,52
 was examined for the one-pot 
process of converting oil palm EFB to glucose. In each cycle of the one-pot 
process, the reaction conditions were the same as those for the recycling of 
nanobiocatalysts. After each cycle of reactions, the catalysts and glucose were 
separated, and then IL was obtained together with citric acid buffer. Three 
methods were used to recover IL including evaporation/vacuum drying, 
lyophilization, and combination of ultrafiltration and evaporation. The 





Figure 27. Recycling of [EmIm][Ac] for one-pot sequential pretreatment of oil 
palm EFB with [EmIm][Ac] and enzymatic hydrolysis with IPN-Cellu & IPN-
Cello. [EmIm][Ac] was recovered by:  evaporation;   lyophilization;  
   ultrafiltration and evaporation.  The reaction conditions for each cycle are 
the same as described for the recycling of UCST-nanobiocatalysts in Figure 26.  
The IL recovered by using the first and second methods remained 67% and                
68% of the original productivity in the 3
rd
 cycle of the pretreatment, 
respectively. Higher recyclability was obtained with the IL recovered by using 
the third method: the recovered IL retained 85% of the original productivity in 
the 3
rd
 reaction cycle (Figure 27). In fact, the recycled IL from the third 
method was cleaner and less viscous than the IL recovered by other two 
methods. 
4.3.7 Recycling of both nanobiocatalysts and IL for one-pot conversion of 
oil palm EFB to glucose 
UCST-nanobiocatalysts (IPN-Cellu, IPN-Cello) and [EmIm][Ac] (by ultrafil-
tration and evaporation) were separated from each cycle of one-pot process, 
respectively. They were used for the new batch of pre-treated oil palm EFB 
and enzymatic hydrolysis under the same reaction conditions described above.  
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Figure 28.  Recycling of UCST nanobiocatalysts IPN-Cellu, IPN-Cello, and 
[EmIm][Ac] for one-pot sequential pretreatment of oil palm EFB with 
[EmIm][Ac] and enzymatic hydrolysis with IPN-Cellu & IPN-Cello. [EmIm][Ac] 
was recovered by ultrafiltration and evaporation.  The reaction conditions for 
each cycle are the same as described for the recycling of UCST-nanobiocatalysts. 
Remarkably, 62% of the original productivity (glucose yield) was retained in 
the 5
th
 cycle with both recovered IL and biocatalysts (Figure 28).This results 
suggested the feasibility of further developing practical conversion of 
lignocellulose to glucose through such one-pot process with effective 
recycling of UCST-nanobiocatalysts and IL. 
4.4 Conclusion 
A novel concept of one-pot conversion of lignocellulose to glucose via 
pretreatment with IL and subsequent hydrolysis with immobilized cellulase 
was demonstrated, avoiding the cumbersome and costly separation of the 
intermediates. One-pot pre-treatment of oil palm EFB with [EmIm][Ac] at 
130°C for 4 h and hydrolysis with nano-sized temperature-responsive 
immobilized cellulases (IPN-Cellu & IPN-Cello) at 50°C for 72 h gave 94% 
glucose yield. The nanobiocatalysts showed uniquely high activity in IL, were 
easily separated at 4 °C, and demonstrated excellent recyclability, retaining  
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87% productivity in the 5
th
 reaction cycle. [EmIm][Ac] was also recyclable, 




















CHAPTER 5: TEMPERATURE-RESPONSIVE NANO-
SOLID ACID CATALYSTS FOR HIGH PERFORMANCE 
CATALYSIS AND EASY CATALYST RECYCLING: 






Transformation of biomass into energy and value-added chemicals in the 
concept of biorefinery has attracted considerable attention.
138-140  
Due to its 
abundance, lignocellulosic biomass consisting of cellulose, hemicellulose, and 
lignin, is very promising as biorefinery feedstock.
138
 As heteropolysaccha-
rides, hemicellulose comprises various sugar units with xylans, arabinans, 
mannans, and galactans as major components; hence hemicellulose has huge 
potential economy for chemical industries. Hydrolysis of hemicellulose 
generates xylose and arabinose which are chemically transformed to furfural 
and xylitol.
34
 Furfural, a member of  the 12-value-added products derived 
from biomass, is key intermediate chemical for the production of furfuryl 
alcohol, furan, tetrahydrofuran, and their valuable derivatives. Hydrogenation 
of xylose produces xylitol which is an important additive in food, 
pharmaceutical, and cosmetic industry.
195
 In addition to xylose, arabinose also 
has an invaluable value in pharmaceutical and food industry.
51
 
Traditionally, hydrolysis of hemicellulose occurs through enzymatic 
hydrolysis with the aid of hemicellulase and acid hydrolysis. However, 
enzymatic hydrolysis has serious drawbacks, such as long reaction time and 
high cost of enzymes because it requires all hemicellulase components to 
achieve high yield of sugar.
196-198
 In contrast to enzymatic hydrolysis, acid 
hydrolysis is relatively cheaper and necessitates shorter reaction time. 
Homogenous acid catalysts have been reported for the hydrolysis of 
hemicellulose from lignocellulose with high yield.
162,199,200
 However, 
homogenous acid catalysts suffer several disadvantages, such as the risk of 
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catalyst lost and difficulty of separation from the reaction mixture.
10,11,13
 Solid 
acid catalysts offer more advantages than homogenous acid catalysts, such as 
easy product separation and recyclability of catalyst as well as reduced 
equipment corrosion.
116,117
 Furthermore, solid acid catalysts also allow 
continuous flow process in the chemical industry.
10,13,116
 These advantageous 
facts of using solid acid catalysts stimulate their development and application 
in the biorefinery, especially for the efficient hydrolysis of hemicellulose.               
A wide variety of solid acid catalyst has been developed for the hydrolysis of 
hemicellulose; however, the reported catalysts suffered from low hydrolysis 
performance, high catalyst loading, and low recyclability.
122,127-135,201-205 
 
Nowadays, we are interested in developing solid acid catalysts immobilized on 
temperature-responsive polymer with an upper critical solution temperature 
(UCST). It will produce UCST-solid acid catalyst which has high catalytic 
activity and easy catalyst separation because UCST-solid acid catalyst is 
soluble at temperature higher than UCST and insoluble at temperature lower 
than UCST. So far, several lower critical solution temperature LCST-solid 
acid catalysts have been synthesized,
30,31
 but their systems are less suitable for 
chemical catalysts due to precipitation of LCST-solid acid catalysts at 
temperature higher than LCST. However, most chemical reactions occur at  
these temperatures.
31
 Thus, we tried to develop the first solid acid catalyst 
based on UCST-type polymer for the hydrolysis of hemicellulose from 
lignocellulose to produce xylose and arabinose with high catalytic 
performance and recyclability. 
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5.2 Experimental design 
5.2.1 Chemicals 
Acrylic acid (C3H4O2, 99%), acrylamide (C3H5NO, 99%), glycidyl 
methacrylate (C7H10O3, 97%), methacrylamide (C4H7NO, 98%),                                       
N-hydroxysuccinimide (NHS, C4H5NO3, 98%), ammonium persulfate                            
((NH4)2S2O8, ≥98%), sulfuric acid (H2SO4, 95-98%), hydrochloric acid (HCl, 
37%), sodium sulfite (Na2SO3, ≥98%), sodium chloride (NaCl, ≥98%), 
potassium hydrogen phthalate (C8H5O4K, ≥99.95%), sodium hydroxide 
(NaOH, ≥98%), L-(+)-Arabinose (C5H10O5, ≥99%), D-xylose (C5H10O5, 
≥99%), and D-glucose (C6H12O6, ≥99.5%) were purchased from Sigma-
Aldrich, Singapore. 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDC, C8H18N3Cl, >98%), thioglycolic acid (C2H4O2, >95%), and                
2-aminoethanethiol hydrochloride (C2H8SNCl, >95%) were purchased from 
TCI, Singapore. 2,2′-Azobis(2-methylpropionitrile) (AIBN, C8H12N4, 98%) 
was purchased from Fluka, Singapore. Dimethyl sulfoxide (DMSO, C2H6SO, 
≥99.9%) and N,N-dimethylformamide (DMF, C3H7NO, ≥99.8 %) were 
purchased from Fischer Scientific, Singapore. Methanol (C3H4O, HPLC 
grade) was purchased from Merck, Singapore. Oil palm Empty Fruit Bunch 
(EEFB) from Malaysia (moisture content 7%, w/w) was sun-dried and grinded 
to 1 mm particles by a knife mill with 1 mm screen, followed by oven-drying 
at 80 °C for overnight before use.
162
 The compositions of the EFB were 
determined by using acid-hydrolysis following NREL LAP-002 protocol.
164
 It 
contains 21.8% xylan and 4% arabinan.   
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5.2.2 Characterization methods 
Field emission scanning electron microscopy (FESEM) was carried out on 
JEOL JSM-6700F. UV transmittance and absorption was analyzed by UV-Vis 
equipment Shimadzu 3600. Fourier transform infrared spectroscopy (FTIR) 
was performed on Bio-Rad Spectrometer of FTS 125. Xylose and arabinose 
were measured by using High Performance Liquid Chromatography (HPLC) 
analysis.  
HPLC analysis for the determination of xylose and arabinose concentration: 
HPLC was performed on Agilent Technologies System (USA) with an 
Aminex HPX-87H column (Biorad Laboratories Inc., USA) at 60°C and a 
refractive index detector at 55
ο
C. Aqueous solution of H2SO4 (4 mM; 0.021%, 
w/v) was used as an eluent at a flow rate of 0.6 mL/min. The retention time of 
xylose and arabinose are 13 min and 14 min, respectively. Xylose and 
arabinose amount in oil palm EFB samples were measured by hydrolysis using 
a NREL protocol
164
 and analyzed using HPLC. Xylose, arabinose, and 
hemicellulose yield of the hydrolysis were calculated as the xylose and 
arabinose amount determined from the hydrolysis reaction divided by the 
xylose, arabinose, and hemicellulose amount determined from the used oil 
palm EFB sample using the method described above, respectively.  
The acid capacities of the solid acid catalysts were determined by acid–base 
titration. 7.5 mL saturated NaCl solution which was previously ion-exchanged 
with 7.5 mg catalyst particles was titrated with 2 mM NaOH solution. This 2 
mM NaOH solution had standardized with potassium hydrogen phthalate. The 
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titration was carried out until an endpoint of pH 7 was reached by using an 
877 Titrino plus volumetric titrator from Metrohm. 
5.2.3 Preparation of PAA NP and IPN PGA  
UCST-PAA NP was synthesized as described previously.
192
 UCST-IPN PGA 
was synthesized as described previously with modification. 135.8 µL (996 
µmol), 203.7 (1494 µmol), 271.6 µL (1992 µmol) glycidyl methacrylate and 
0.0118 g ammonium persulfate (52 µmol) were added in 20 mL suspension of 
579 mg PAA NP in DI water in a 3-neck round bottom flask under argon 
bubbling. The mixture was mechanically stirred at 500 rpm and 60°C for 30 
min, followed by centrifugation at 1000 g and 4°C for 5 min. The supernatant 
was removed, and  then  the  precipitates  were  washed  by  DI  water  for  
three  times  to  remove  the remaining reactant. All the precipitates which are 
called IPN PGA (I), IPN PGA (II), and IPN PGA (III), respectively, were re-
suspended into 10 mL DI water. 
5.2.4 Preparation of nano-sized SO3H-IPN PGA catalyst  
Na2SO3 (0.15 g, 0.76 g, 1.2 g) was added into the 0.1 g IPN PGA and the total 
volume was adjusted to 12 mL by adding water. The reaction mixture was 
stirred at 80°C for 2 h and 24 h. After reaction, SO3-IPN PGA was separated 
from reaction mixture by reducing the temperature to 4
o
C, followed by 
centrifugation at 6000 g for 5 min. Then, the nano-sized SO3H-IPN PGA was 
repeatedly washed with water for five times to remove remaining reactant. The 
particles were then protonated with 8 mL HCl solution (4%), repeatedly 




5.2.5 Larger scale preparation of SO3H-IPN PGA-4.  
Na2SO3 (16.2 g) was added into the 1.35 g IPN PGA and the total volume was 
adjusted to 162 mL by adding water. The reaction mixture was stirred at 80°C 
for 2 h. After reaction, SO3-IPN PGA was separated from reaction mixture by 
reducing the temperature to 4
o
C, followed by centrifugation at 6000 g for 5 
min. Then, the nano-sized SO3H-IPN PGA was repeatedly washed with water 
for five times to remove remaining reactant. The particles were then 
protonated with 108 mL HCl solution (4%), repeatedly washed with DI water 
for eighth times until reached neutral pH, and freeze-dried. The acid loading of 
the catalyst prepared in large scale is similar to these prepared in small scale 
(1.3 mmol H
+
/g catalyst).  
5.2.6 Preparation of poly-methacrylamide as UCST-nanoparticles 
PMAAm-NH2  
In a 50 mL Schlenk flask, 0.51 g (6 mmol) of methacrylamide and 2 mg (2 
mmol) of 2-aminoethanethiol hydrochloride were dissolved in 5.5 mL of 
dimethyl sulfoxide (DMSO). To these solution, 2 mL of degassed initiator 
solution containing 19.68 mg (0.12 mmol) of AIBN was added. Then, the 
solution was degassed by argon bubbling for 30 min at room temperature. The 
reaction was then carried out at 60
o
C and 500 rpm for 22 h. The reaction 
mixture was cooled to room temperature, and the polymer was precipitated in 
excess volume of methanol. The reaction mixture was centrifuged (6000 rpm, 
10 min) and this process was repeated five times. The polymer was dried in 
the vacuum oven for 24 h.  
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5.2.7 Preparation of poly-(methacrylamide)-block-(glycidyl methacrylate) 
as UCST-nanoparticles PMAAm-b-GMA 
For the preparation of carboxyl-terminated poly-(glycidyl methacrylate) 
(PGMA-COOH), 4.8 g (48 mmol) of glycidyl methacrylate, 0.204 gram (1.92 
mmol) of thioglycolic acid, and 39 mg (0.24 mmol) of AIBN were dissolved 
in 20 mL of dimethyl formamide (DMF). Then, the solution was degassed by 
argon bubbling for 30 min at room temperature. The reaction was then carried 
out at 60
o
C and 500 rpm for 20 h. The reaction mixture was cooled to room 
temperature and the polymer was precipitated by addition of water. The 
reaction mixture was centrifuged (6000 rpm, 10 min) and the polymer was 
washed by water. The overall process was repeated five times. The polymer 
was dried in the vacuum oven for 24 h. For the preparation of poly-
(methacrylamide)-block-(glycidyl methacrylate) (PMAAm-b-GMA), 1 g 
PMAAm-NH2, 1 g PGMA-COOH, and 50 mg NHS (0.44 mmol) were 
dissolved in 10 mL of water. 50 mg EDC (0.26 mmol) in 2 mL water was 
added dropwise to the polymer solution under argon atmosphere. The solution 
was degassed by argon bubbling for 30 min at room temperature. Then, the 
reaction was then carried out at 80
o
C and 500 rpm for 24 h. The reaction 
mixture was centrifuged at 1000 g and 25°C for 5 min, the supernatant was 
removed, and then the precipitates were washed by water for five times to 
remove the remaining reactant. 
5.2.8 Preparation of SO3H-(PMAAm-b-GMA)  
Na2SO3 (1.2 g) was added into the 0.1 g PMAAm-b-GMA and the total 
volume was adjusted to 12 mL by adding water. The reaction mixture was 
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stirred at 80°C for 24 h. After reaction, SO3H-(PMAAm-b-GMA) was 
separated from reaction mixture by reducing the temperature to 4
o
C, followed 
by centrifugation at 6000 g for 5 min. Then, the nano-sized SO3H-(PMAAm-
b-GMA) was repeatedly washed with water for five times to remove 
remaining reactant. After washing catalysts five times with water, catalyst was 
protonated by using procedure described above. 
5.2.9 Determination of UCST of SO3H-IPN PGA 
As described previously in Chapter 3, Section 3.2.7., the UCST (cloud points) 
of SO3H-IPN PGA with a concentration of 0.5% (w/v) in 50 mM citric acid 
buffer (pH 3)
89,161
 were measured in UV-Vis equipment Shimadzu 3600 by 
monitoring transmittance as function of temperature at 500 nm. The 





UCST was defined as the turning point of the transmittance. 
5.2.10 General procedure for the hydrolysis of oil palm Empty Fruit 
Bunch (EFB) with SO3H-IPN PGA at different reaction temperature  
A set of mixtures of 2 mL water containing 2 mg SO3H-IPN PGA and 20 mg 
oil palm EFB in multiple 15 mL Ace pressure tubes were shaken at 500 rpm at 
different reaction temperature (135°C, 150°C, 190°C) for different reaction 
time. The insoluble materials were removed by centrifugation at 21500 g for 1 
min at room temperature. SO3H-IPN PGA was separated from reaction 
mixture by reducing the temperature to 4
o
C, followed by centrifugation at 
6000 g for 5 min. The supernatant was used for the determination of xylose 
and arabinose by using HPLC.  
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5.2.11 General procedure for the hydrolysis of oil palm Empty Fruit 
Bunch (EFB) with SO3H-IPN PGA at different catalyst loading.  
A set of mixtures of 4.5 mL water containing SO3H-IPN PGA and 225 mg oil 
palm EFB (50 mg/mL) in multiple 15 mL Ace pressure tubes were shaken at 
500 rpm at 150°C for different reaction time. The insoluble materials were 
removed by centrifugation at 21500 g for 1 min at room temperature. SO3H-
IPN PGA was separated from reaction mixture by reducing the temperature to 
4
o
C, followed by centrifugation at 6000 g for 5 min. The supernatant was used 
for the determination of xylose and arabinose by using HPLC.  
5.2.12 Recycling of UCST-solid acid catalyst for the hydrolysis of oil palm 
EFB with SO3H-IPN PGA.  
3 mL water containing 15 mg SO3H-IPN PGA and 150 mg EFB in a 15 mL 
Ace pressure tube were shaken at 500 rpm and 150
o
C for 10 h. The insoluble 
materials were removed by centrifugation at 21500 g for 1 min at room 
temperature. SO3H-IPN PGA was separated from the reaction mixture by 
reducing the temperature to 4
o
C, followed by centrifugation at 6000 g for 5 
min. The catalysts were washed by water at room temperature for three times 
and separated by centrifugation at 4°C and 6000 g for 5 min. The supernatant 
was used for the determination of xylose and arabinose by using HPLC. The 
recovered SO3H-IPN PGA was added to the mixture of 3 mL water containing 
150 mg EFB for next batch reaction.  
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5.3. Results and Discussion 
5.3.1 The concept of UCST-solid acid catalyst 
The entire process was illustrated by Figure 29. At high temperature 
(T>UCST), UCST-solid acid catalyst was soluble and able to hydrolyze 
hemicellulose in oil palm EFB to produce xylose and arabinose. Once the 
reaction finished, decreasing of temperature triggered precipitation of UCST-
solid acid catalyst. As a result, UCST-solid acid catalyst was easily separated 
from the reaction mixture.   
 
Figure 29. Solid acid catalysts for efficient catalysis and easy catalyst recycling 
for the hydrolysis of lignocellulose. 
 
5.3.2 Preparation of SO3H-IPN PGA as UCST-solid acid catalyst 
The synthesis route of the UCST-solid acid catalyst was shown in Scheme 3. 
The catalysts consist of IPN PGA with PAAc-co-AAm as temperature-
responsive polymer and PGMA as surface functional groups as well as 
sulfonic acid (-SO3H) on their surface. In the chains of PGMA, epoxide 
groups provides reactive functional groups for attachment of sulfonic acids as 




Scheme 3. Synthesis of polymeric nanoparticles with UCST and immobilization 
of acid catalysts on the particles as solid acid catalyst with UCST 
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Table 18. Preparation of UCST-solid acid catalysts 


















1 IPN PGA (I) 1.4 0.1 2 SO3H-IPN PGA-1 0.2 Easy 
2 IPN PGA (I) 1.4 0.5 2 SO3H-IPN PGA-2 1.1 Easy 
3 IPN PGA (I) 1.4 0.8 2 SO3H-IPN PGA-3 1.4 Easy 
4 IPN PGA (I) 1.4 2 24 SO3H-IPN PGA-4 1.4 Easy 
5 IPN PGA (II) 1.5 0.8 2 SO3H-IPN PGA-5 1.1 Easy 
6 IPN PGA (II) 1.5 2 24 SO3H-IPN PGA-6 1.1 Easy 
7 IPN PGA (III) 1.6 0.8 2 SO3H-IPN PGA-7 0.9 Easy 
8 IPN PGA (III) 1.6 2 24 SO3H-IPN PGA-8 1.1 Easy 
 
a
 Sulfonation reaction was carried out by Na2SO3 at 80
ο
C and 500 rpm 
b
 Determined by titration experiment 
c
 Conducted by reducing the 





Acidity is an important factor affecting performance of catalyst for the 
hydrolysis of hemicellulose. In the acid hydrolysis of hemicellulose, xylose as 
main product may be degraded into another product, thus, suitable acidity is 
important factor to obtain high yield of sugar and achieve low degradation 
products.
201,206
 In this experiment, we chose solid acid catalyst with Bronsted 
acidity because it is well-known that Bronsted acids catalyze the conversion of 
hemicellulose with high yield.
162
 
As shown in Table 18, Na2SO3 was used as sulfonation agent. Entry 1-8 
showed effect of Na2SO3 concentration to acid capacity of SO3H-IPN PGA. 
Higher concentration of Na2SO3 promoted higher acid capacity of SO3H-IPN 
PGA. Then, another strategy was chosen to improve the acid capacity is to 
increase the amount of epoxide group in the surface of IPN PGA. To achieve 
this goal, IPN PGAs with different amount of epoxide without lost their 
temperature-responsive behaviour were synthesized which was called as IPN 
PGA (II) and IPN PGA (III). IPN PGA (II) and IPN PGA (III) were sulfonated 





 was optimum for IPN PGA (II) even though 2 M Na2SO3 was used as 
sulfonation agent at 24 h as reaction time (entry 5-6). As shown in entry 7-8, 




) was also observed when the 
similar reaction condition was applied for IPN PGA (III). Therefore, an 
increasing of the epoxide amount in IPN PGA did not enhance acid capacity 
of IPN PGA significantly. The highest solid acid capacity (entry 4) was then 
used in further experiments. The yield of this reaction is 91%. The solid acid 










Figure 30. FESEM of SO3H-IPN PGA 
As shown in the FESEM image of UCST-solid acid catalyst (Figure 30), the 
mean size of SO3H-IPN PGA was about 110 nm. There is no significant 
change of morphology of IPN PGA after sulfonation. The hydrodynamic 
diameter was determined to be 117 nm without the presence of micro-sized 
particles. 
 
Figure 31. FT-IR spectra of a) IPN-PGA (I) and b) SO3H-IPN PGA-4  
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The structures of SO3H-IPN PGA-4 were confirmed by their infrared (FT-IR) 
spectra (Figure 31). Both UCST-solid acid catalysts showed a new band at  
1042 cm
-1
 which corresponds to –SO3
-
 stretching and 1400 cm
-1
 which 
attributes to O=S=O stretching in sulfonic acid.
207,208
 Moreover, there was 
broad band at 3438 cm
-1
 which belongs to hydroxyl groups in SO3H-IPN 
PGA-4. However, the presence of sulfonic acid did not affect IPN PGA as 
carrier due to similar infrared spectrum between SO3H-IPN PGA-4 and                   
IPN PGA. 
 
Figure 32. a) UV transmittance at 500 nm of 0.5% (w/v) SO3H-IPN PGA-4 at 
different temperature. Data are the mean values with standard deviations of 2 
replicates; b) Photos of mixtures of SO3H-IPN PGA-4 (1 mg catalyst/mL) in 
water. (1) at 25°C, (2) after centrifugation at 4°C. 
UCST-solid acid catalyst demonstrated temperature-responsive behaviour with 
an UCST of 15°C (Figure 32a). As shown in Figure 32b, SO3H-IPN PGA-4 
was soluble and formed a homogenous solution at 25°C. When temperature 
was reduced to 4°C, SO3H-IPN PGA-4 was easily separated by centrifugation. 
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5.3.4 Hydrolysis of EFB with SO3H-IPN PGA   
 
 
Figure 33. Time courses for the hydrolysis of EFB with SO3H-IPN PGA-4 
(catalyst concentration: 1 mg/mL, EFB: 10 mg/mL) at designed temperature 




C are the 
mean values with standard deviations of 2 replicates. 
Performance of SO3H-IPN PGA-4 was then examined for the hydrolysis of oil 





EFB) at different temperatures. Due to high substantial amount of water in 
lignocellulosic biomass, water is the most preferable solvent for this 
hydrolysis reaction even though water cannot dissolve lignocellulose at 
moderate temperature. As shown in Figure 33, temperature had a significant 
role for the hydrolysis of EFB. At 135°C, UCST-solid acid catalyst reached                  
3% of xylose yield and 10% of arabinose yield (3% of hemicellulose yield) for 
4 h. Prolong reaction time to 10 h and 24 h did not increase hemicelulose yield 
significantly. SO3H-IPN PGA-4 only achieved 6% of xylose yield and 13% of 
arabinose yield (7% of hemicellulose yield) at 135°C. Increasing the reaction 
temperature from 135°C to 150°C improved both xylose and arabinose yield. 
At 150°C, SO3H-IPN PGA-4 obtained 25% of xylose yield and 93% of 
arabinose yield at 4 h. However, further increasing of temperature to 190°C 
could not increase hemicellulose yield. Only 23% of xylose yield and 67% of 
arabinose yield (29% of hemicellulose yield) were achieved after 4 h of 
reaction. Probably, degradation of the formed sugar was faster and easier at 
higher temperatures. Similar to reaction at 150°C, prolong the reaction time 
did not enhance sugar yield, but it reduced both xylose and arabinose yield. At 
24 h, UCST-solid acid catalyst only achieved 7% of xylose yield and 28% of 





Figure 34. Time courses for the hydrolysis of EFB (50 mg/mL) with SO3H-IPN 
PGA-4 with different catalyst loading (1%, 10%, and 25%) at 150°C based on 
yield (a) and sugar concentration (b). Data are the mean values with standard 
deviations of 2 replicates. 
The effect of catalyst dosage on the hydrolysis of oil palm EFB was shown in 
Figure 34. The different amount of catalyst loading was employed at 1% and 
25% for the hydrolysis of oil palm EFB (50 mg/mL) at 150°C. In the absence 
of catalyst, the formation of xylose and arabinose from EFB was not observed. 





yield (5% of hemicellulose yield) were achieved at 4 h. At catalyst loading of 
1%, prolong the reaction time did not increase both xylose and arabinose yield 
significantly. At 10 h, SO3H-IPN PGA-4 reached 11% of xylose yield,                    
12% of arabinose yield, and 37% of xylose yield, 15% of arabinose yield at          
24 h. Although the hemicellulose yield was not high, researches about 
hemicellulose hydrolysis with very low catalyst loading (1%) have not been 
reported.
122,127-135,201-205
 To improve yield of hemicellulose, higher catalyst 
loading (25%) was used for the hydrolysis of oil palm EFB. At 2 h, UCST-
solid acid catalyst reached 29% of xylose yield and 67% of arabinose yield                
(35% of hemicellulose yield). Finally, SO3H-IPN PGA-4 achieved the highest 
xylose yield (88% of xylose yield) at 10 h and the best arabinose yield                  
(94% of arabinose yield) at 4 h. So far, there has been no report about high-
yielding hemicellulose hydrolysis with high substrate loading (50 mg/mL) 
(Table 6).
122,127-135,201-205
 Probably, SO3H-IPN PGA-4 had better performance 
than other catalyst for the hydrolysis of hemicellulose due to homogenous 
state of the catalyst at hydrolysis temperature. At catalyst loading of 10%, 
UCST-solid acid catalyst gave 42% yield of xylose and 90% yield of 
arabinose at 4 h (49% of hemicellulose yield) and 81% yield of xylose and                   
82% yield of arabinose (82% of hemicellulose yield) at 10 h. As shown in 
Figure 34, prolonging reaction time to 24 h led to degradation of the formed 
sugar. At 24 h, the color of reaction mixture altered from a light and clear 
solution to a brown or dark solution which indicates the occurrence of 
degradation products.
206
 Due to their branch and non-crystalline structure, 
hydrolysis of hemicellulose is easier than cellulose. As an evidence, high 
hemicellulose yield was detected during this reaction, but low formation of 
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glucose was observed. It indicates that SO3H-IPN PGA had good selectivity 
towards hemicellulose. In most cases, arabinose yield was higher than xylose 
yield because chemical bonding in arabinan was more susceptible towards 
acid hydrolysis than chemical bonding in xylan. These hemicellulose 
hydrolysis mostly happened on the external acid of catalyst.
206 
 
5.3.5 Recycling of SO3H-IPN PGA for the hydrolysis of EFB  
 
Figure 35. Recycling of SO3H-IPN PGA-4 (5 mg/mL) in the hydrolysis of EFB 
(50 mg/mL) for 10 h reaction in each cycle. Data are the mean values with 
standard deviations of 2 replicates. 
The reusability of catalysts becomes decisive for the development of 
economical and cost-effective process in the hydrolysis of lignocellulose. In 
the processing of lignocellulosic biomass, biomass does not fully soluble in 
the reaction medium, so the heterogeneous reaction system may consist of 
unreacted substrate, lignin, water-soluble products, minerals, and solid acid 
catalyst. Therefore, the separation method of the solid acid catalyst from the 
reaction mixtures becomes very challenging. However, in our case, the 
difference in polymer solubility around UCST assisted the catalyst recovery. 
160 
 
At a temperature of <UCST, the easy separation of UCST-solid acid catalyst 
as insoluble catalysts and the reuse of catalysts were demonstrated in the 
hydrolysis of oil palm EFB (50 mg/mL) with SO3H-IPN PGA-4 (5 mg/mL) at 
150°C for 10 h. After reaction in each cycle, any insoluble materials were 
removed as the unreacted substrate via centrifugation at room temperature. 
Then, temperature of supernatant was reduced to 4°C to precipitate the 
catalysts, and the catalysts were easily and recovered via another 
centrifugation with lower speed at 4°C. After washing, they were added to a 
new batch of reaction mixture to start another cycle of lignocellulose 
hydrolysis under the same reaction condition. As shown in Figure 35, SO3H-
IPN PGA-4 remained 91% of its original productivity (91% xylose 
productivity, 92% of arabinose productivity) in the 3
th
 cycle for the hydrolysis 
of oil palm EFB. The UCST-solid acid catalyst showed much better 
recyclability than any other reported solid acid catalysts for the hydrolysis of 
hemicellulose.
122,131,134,203
 The use of UCST-solid acid catalyst also allows 
easy separation of the insoluble unreacted materials from the catalysts and 
sugar, which is relatively difficult for other types of solid acid catalysts. 
However, the recyclability of solid acid catalysts also depends strongly on the 
reaction temperature for each cycle and reaction time. Considering 150°C as 
temperature of reaction, UCST-solid acid catalyst has good recyclability. 
Furthermore, sulfonic acid is generally subject to leaching from solid acid 
catalysts at high temperature, which may contaminate mixture of reaction and 
decrease catalytic activity of catalysts.
207,209
 Possibly, the covalent attachment 
of sulfonic acid on the carrier prevents leakage of acid. Furthermore, unlike 
other solid acid catalysts, no regeneration of the catalyst is needed which will 
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reduce the cost of process.
135
 Therefore, the separation of UCST-solid acid 
catalyst is relatively easier and more economical than other solid acid catalysts. 
5.3.6 Synthesis of SO3H- (PMAAm-b-GMA) as novel UCST-solid acid 
catalyst 
5.3.6.1 Preparation of SO3H- (PMAAm-b-GMA) 
We also developed another example of UCST-solid acid catalysts from 
poly(methacrylamide) (PMAAm). This poly(methacrylamide) was soluble at 
high temperature (T~70°C) and precipitated at room temperature. Then, 
PMAAm-b-GMA was synthesized through carbodiimide activation. The 
presence of epoxide group as active functional groups facilitated attachment of 
sulfonic groups (Scheme 4).  
 
Scheme 4. Synthesis of polymeric nanoparticles with UCST and immobilization 
of acid catalysts on the particles as nanobiocatalysts with UCST with separation 






5.3.6.2 Characterization of SO3H- (PMAAm-b-GMA) 
Figure 36. FESEM of PMAAm-b-GMA 
Based on FESEM (Figure 36), diameter size of PMAAm-b-GMA was 300 nm. 
PMAAm-b-GMA also showed temperature-responsibility. At high 
temperature, PMAAm-b-GMA was soluble in water as reaction medium. 
However, PMAAm-b-GMA became insoluble at lower temperature (Figure 
37).                            
 
Figure 37. Photos of mixtures of PMAAm-b-GMA in water.                                              
(1) At 70°C and (2) at 25°C. 
In the subsequent approach, PMAAm-b-GMA was sulfonated by using 





). This is a new concept because most of separation of the 
163 
 
catalyst did not happen at room temperature. Furthermore, the catalyst 
recycling will be economical due to separation at room temperature,  
5.4 Conclusion 
We have demonstrated synthesis of the first UCST-type solid acid catalyst. 
Preparation of SO3H-IPN PGA as UCST-solid acid catalyst gave high yield of 
91%. The nano-sized SO3H-IPN PGA was the first UCST-type polymers with 




. Infrared spectra 
indicated a new band at 1042 cm
-1
 which is attributed to sulfonic acid 
stretching. It showed temperature-responsibility with an UCST of 15
o
C. At 
catalyst loading of 10%, hydrolysis of EFB (50 mg/mL) at 150
o
C gave 90% 
yield of arabinose at 4 h and 81% yield of xylose at 10 h. The solid acid 
catalyst was separated and recycled easily from reaction mixture by reducing 
temperature to 4
o
C and followed by centrifugation. The separated catalyst 
could be reused and retained 91% of productivity after three cycles of 
hydrolysis of EFB. The developed solid acid catalysts are potentially useful 
for the hydrolysis hemicellulose from lignocellulosic biomass. We also 
successfully developed another novel UCST-type polymer, PMAAm-b-GMA, 
with diameter of 300 nm. This catalyst was soluble at 70
o
C and precipitated at 

















Through this thesis effort, we have developed several novel types of UCST 
bio- and solid acid catalyst for the hydrolysis of lignocellulose: a novel type of 
functionalized particle and a novel concept of using temperature-responsive 
nanobiocatalysts with an upper critical solution temperature were proven for 
high performance biotransformation and easy catalyst recycling for efficient 
hydrolysis of cellulose to glucose, one-pot sequential pretreatment of 
lignocellulose with ionic liquid and enzymatic hydrolysis with immobilized 
cellulase was developed to give high yield of glucose which allows enzyme 
recycling and ionic liquid reuse, and a novel UCST-solid acid catalyst was 
prepared for efficient hydrolysis of hemicellulose from lignocellulose with 
high yield and recyclability. 
The major findings in this PhD study are summarized briefly as follows: 
1) The first temperature-responsive biocatalyst with an UCST properties 
was developed for efficient catalysis at temperature of >UCST and 
easy catalyst separation at a temperature of <UCST. As shown in 
Chapter 3, the concept is proven by using celllulase and cellobiase for 
the hydrolysis of cellulose. Polymeric nanoparticles with an UCST 
were fabricated for the first time and in high yield. The nanocarrier 
allows for high specific enzyme loading, the catalyst is soluble for 
efficient reaction at a temperature of >UCST, and its precipitation at a 
temperature of <UCST gives rise to simple separation. Immobilization 
of enzymes onto the particles afforded the first temperature-responsive 
biocatalyst showing an UCST, with high specific enzyme loading and 
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enzyme loading efficiency. The nanobiocatalysts containing cellulase 
and cellobiase with an UCST of 13-14°C retained 90% of the initial 
free enzyme activity for the hydrolysis of cellulose at 50°C, showed 
good operational stability, and reached the same high glucose yield 
(97%) as the free enzyme. The catalysts were easily recovered at 4°C 
and demonstrated good recyclability with the retaining of 71% 
productivity in the 8
th
 reaction cycle. The catalysts are also capable of 
hydrolysing cellulose from real biomass such as EFB with high yield. 
These results represent by far the best performance of immobilized 
enzymes reported thus far for the hydrolysis of cellulose to glucose, 
and the UCST-nanobiocatalysts are potentially useful for this key and 
challenging hydrolysis reaction in the conversion of lignocellulosic 
biomass to chemicals and fuels.  
2) Chapter 4 demonstrates that a novel concept of one-pot process of 
converting lignocellulose into glucose was demonstrated by sequential 
pretreatment of oil palm EFB in [EmIm][Ac]  at 130
 ο
C and hydrolysis 
in [EmIm][Ac]/buffer (10/90) at 50
 ο
C with nano-sized temperature-
responsive immobilized cellulase (IPN-Cellu) and cellobiase (IPN-
Cello) showing an upper critical solution temperature (UCST) of 13
 ο
C. 
The UCST-nanobiocatalysts showed uniquely high catalytic 
performance in IL, and the one-pot process gave 94% glucose yield 
from oil palm EFB. Glucose, UCST-nanobiocatalysts, and IL were 
easily separated from the reaction mixture. Both UCST-
nanobiocatalysts and IL were recyclable, retaining 87% of the original 
productivity in the 5
th





 cycle, respectively. The one-pot process is high-yielding and avoids 
the cumbersome and costly separation of the intermediates in the 
traditional two-pot process, providing with a basis for further 
developing practical conversion of lignocellulose into glucose. 
3) The first temperature-responsive solid acid catalyst was developed for 
efficient and green hydrolysis of EFB to xylose and arabinose (Chapter 
6). The first UCST-type polymer containing sulfonic acid (-SO3H) on 
surface was synthesized as nanoparticles with size of 110 nm (FESEM). 
The nano-sized solid acid catalyst, SO3H-IPN PGA had high acid 




 and showed temperature-responsibility 
with UCST of 15°C. At catalyst loading (10%), hydrolysis of EFB at 
high concentration (50 mg/mL) at 150°C gave 90% yield of arabinose at                 
4 h and 81% yield of xylose at 10 h. The solid acid catalyst SO3H-IPN 
PGA was soluble at 150°C, thus giving by far the best performance 
among solid acid catalysts for the hydrolysis. The catalyst was also 
easily separated from reaction mixture at 4°C by centrifugation. The 
recovered catalyst was reused for the same hydrolysis and retained                    
91% of its productivity at the 3
rd
 cycle. Thus, a novel concept and type 
of UCST-solid acid catalyst is developed for the hydrolysis of 
hemicellulose to produce xylose and arabinose.    
6.2 Recommendation 
As shown in the previous chapters, these temperature-responsive polymers are 
very promising for efficient catalysis and easy separation. The further 
development in stimuli-responsive polymer, especially temperature-responsive 
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polymers, may be expanded to various aspects, either in catalysis or other 
fields.  
6.2.1 Development of an integrated system consisting of immobilized 
enzyme, solid acid catalyst, and ionic liquid for extraction of lignin and 
hydrolysis of cellulose as well as hemicellulose 
The results obtained in Chapter 3-5 reveal that immobilized cellulase and solid 
acid catalyst could hydrolyze efficiently cellulose and hemicellulose, 
respectively. Moreover, one-pot sequential of lignocellulose pretreatment and 
hydrolysis with IL produced high yield of glucose because of effective lignin 
extraction (Chapter 4). These results open possibility of using an integrated 
system producing glucose, xylose, arabinose, and lignin from lignocellulose. 
As illustrated in Figure 38, solid acid catalyst hydrolyzes hemicellulose 
component from lignocellulose at the first step. In addition to producing 
xylose and arabinose, this process removes hemicellulose which can hamper 
enzymatic hydrolysis of cellulose.  Then, one-pot sequential pretreatment and 
hydrolysis with IL is performed to remove lignin component. The presence of 
IL helps extraction of lignin which can be separated later in the downstream 
processing. In the subsequent process, addition of immobilized cellulase in 
citric acid buffer hydrolyzes cellulose component to generate high yield of 
glucose. Hence, the whole process produces high yield of  xylose, arabinose, 
glucose, and lignin that can transformed to generate value-added chemicals 




Figure 38 Development of an integrated system consisting of immobilized 
enzyme, solid acid catalyst, and ionic liquid for extraction of lignin and 
hydrolysis of cellulose as well as hemicellulose  
6.2.2 Development of in silico modeling approaches to predict 
conformation of immobilized enzymes 
As proven in Chapter 3 , immobilized cellulase on the temperature-responsive 
polymer showed good catalytic activity for the hydrolysis of cellulose. Due to 
their appealing performances, immobilized enzymes on temperature-
responsive polymers could open broad research direction on enzyme 
immobilization. However, most of these immobilization protocols are 
developed only based on empirical basis, thus, their procedure are costly and 
labour-intensive. Hence, design of these immobilized enzymes is considered 
less rational and immobilized enzymes might not be operating under optimum 
conditions because their immobilization method is based on screening of 
several methodologies. These lacks of rational guidelines about 
immobilization method may be replaced by in silico approaches due to its 
ability to predict the orientation of enzymes which is attached or adsorbed to 
the carrier.
210-212
 Not only predicts the location of amino acid residues or 
protein domains which are possibly involved in the binding with the carrier, 
but in silico analysis also maximizes interactions between protein and carriers. 
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These best combinations of enzyme and substrate interactions are estimated 
after analyzing the physicochemical properties of carrier (e.g., isoelectric point, 
zeta potential) and surface potential of enzyme. Thefore, in silico analysis 
helps to improve performance and reduce the cost of immobilized enzymes as 
well as understand the behaviour of immobilized enzymes.  
6.2.3 Development of novel self-aggregate and self-assembly block 
copolymer for enzyme immobilization  
Ttemperature-responsive polymers were useful as carrier for enzyme 
immobilization, as demonstrated in Chapter 3. Lowering the temperature will 
help separation of immobilized enzymes from reaction mixture. In LCST-type 
polymers, increasing of temperature reduces solubility of polymer in solvent; 
however, it also decreases polymer size. This behaviour brings disadvantages 
to the separation because separation of smaller particle is more difficult than 
bigger particle. Based on these facts, synthesis of block polymer that exhibit 
LCST behaviour with smaller size at temperature higher than LCST is very 
important. At  temperature higher than LCST, low solubility and big size of 
polymer lead to efficient separation of polymer carriers. On the other hand, 
high solubility and small size of polymer bring efficient catalysis of 
immobilized catalysts in the reaction medium. Therefore, novel self-aggregate 
and self-assembly of block copolymer based on temperature-responsive 
polymers as carrier for catalysis to allow efficient catalysis and easy 
separation needs to be developed. Moreover, this type of block copolymers 
has not been reported in literature before. One of the most possible methods is 
by synthesizing different segments of block copolymer, namely, 
thermoresponsive segment and hydrophobic segment. Then, the behaviour of 
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block copolymer changes  at different temperatures. At temperature higher 
than LCST, block copolymer consisting of hydrophobic segment from 
temperature-responsive polymer and another fixed hydrophobic segment 
forms self-aggregation of polymer due to strong hydrophobic interaction. On 
the other hand, at temperature lower than LCST, block copolymer consists of 
hydrophilic segment and another fixed hydrophobic segment. At these 
temperature, formation of polymer self-assembly happens with hydrophobic 
segment as inner part and hydrophilic group as outer part; hence polymer has 
smaller size than before. Probably, RAFT (Reversible Addition-Fragmentation 
Chain Transfer) is the suitable protocol for these polymerization.   
6.2.4 Development of ionic liquid with temperature-responsibility 
Ionic liquid is emerging solvent and catalyst due to their excellent properties, 
as shown in Chapter 4. However, utilization of ionic liquid as catalyst for 
reaction is often hampered by separation difficulty of reactant and remaining 
substrate from the reaction medium. For instance, chemical reactions by using 
hydrophilic IL as catalyst use hydrophilic substrate and produce hydrophilic 
product. In this case, separation of product and remaining reactant will be very 
challenging due to good solubility of product and reactant in ionic liquid. 
Possibly, attaching temperature-responsive polymers as functional group in 
ionic liquid helps separation. Ionic liquid with temperature-responsibility 
UCST-type poymer precipitates at temperature lower than UCST and is 
soluble at temperature higher than UCST. By relying on these properties, the 
catalyst is easily separated by decreasing temperature due to precipitation of 
catalyst. The same principle will be applied when IL is used as solvents; for 
example, chemical reactions in hydrophilic IL use hydrophilic substrate and 
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produce hydrophilic product. Similar to the previous process, separation of 
reaction component is difficult because all of the hydrophilic components in 
the reaction have good miscibility with IL. IL with temperature-responsibility 
is hydrophobic at temperature higher than LCST; therefore, hydrophilic 
substances are immiscible with hydrophobic IL and facilitate separation of 
these substances from IL.  
6.2.5 Development of novel bifunctional acid-basic catalysts with 
temperature-responsibility 
As demontrated in Chapter 5, acid catalyst with UCST-type polymers was able 
to hydrolyze lignocellulose efficiently. Therefore, it opens new avenue for 
acid-basic immobilization on the surface of temperature-responsive polymers. 
One of the possible approach is polymer functionalization with amine group as 
weak basic and addition of phosphotungstic acid (with lesser amount than 
amine group) to the polymer in the subsequent step. Phosphotungstic acid is 
immobilized immediately on the carrier due to strong electrostatic interaction 
between amine and phosphotungstic acid. Therefore, formation of bifunctional 
acid-basic on the surface of temperature-responsive polymers which leads to 
efficient reaction at T>UCST and easy separation at T<UCST. These 
bifunctional acid-basic polymer is potential for the production of trans-1-nitro-
2-phenylethelene from benzaldehyde and dimethylacetal.   
6.2.6 Development of temperature-responsive polymers as adsorbent  
Temperature-responsive polymers have different characteristic under different 
temperature (Chapter 5), for example, LCST-type polymers are hydrophilic at 
temperature lower than cloud point, and hydrophobic at temperature higher 
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than cloud point. Due to these hydrophobicity, these polymers can adsorb 
hydrophobic organic compounds at temperature higher than LCST. On the 
other hand, at temperature higher than LCST, polymers have small size and 
offer high surface area so that polymers are capable of adsorbing hydrophobic 
organic compounds. When temperature is lower than LCST, polymers are in 
the hydrophilic state and release hydrophobic organic compounds. Therefore, 
temperature-responsive polymers are potential as adsorbent for hydrophobic 
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